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PREFACE 
Interest in the microbiological deterioration oC 
vulcanized rubber in the Microbiology Department, Lincoln 
College, was aroused by an inquiry from the Chemistry 
Division oC the New Zealand Department oC ScientiCic and 
Industrial Research. 
Examples oC deteriorated natural rubber pipe-joint 
rings from underground pipelines had been Corwarded to 
Mr. A.G. Kennett, D.S.I.R., Auckland, by a number oC local 
authorities throughout the country. Many of these pipe-
joint rings were eroded about the flowline on the inside 
circumference, and this erosion was later shown to be caused 
by rubber-deteriorating micro-organisms. 
As the microbiological deterioration of vulcanized 
natural rubber was poorly described and there were conClicting 
claims on the relative resistance of natural and synthetic 
rubbers to microbial attack in the literature, Dr.A.P. Mulcock, 
Reader in Microbiology, Lincoln College, suggested that money 
be supplied for a Ph.D. Fellowship for the study of this 
problem. Two other interested parties, the New Zealand 
Pottery and Ceramic Research Association, which represents 
the pipe manufacturers in this country, and the Natural Rubber 
Bureau, an organization supported by the Malayan Rubber Board 
Fund, joined the D.S.I.R. in their support oC this research 
project. 
The aim of this investigation was to establish the 
relative resistance of natural and synthetic rubbers to 
microbial attack, study the influence of formulation on the 
rate of deterioration of vulcanized natural rubber, isolate 
and characterize the rubber-deteriorating micro-organisms 
and determine the mechanism of rubber degradation. 
To achieve these aims it was necessary to make a 
c~itical assessment of the scientific literature and develop 
quantitative methods of measuring the rate of microbiological 
deterioration of vulcanized rubber. In the belief that a 
number of approaches to a problem yields a more complete 
description of a phenomenon, a range of techniques, including 
enrichment culture, pure culture experiments, Warburg micro-
respirometry, the biochemical oxygen demand test, tensile 
properties measurement and scanning electron microscopy were 
applied to the problem in this investigation. Emphasis was 
placed on the interactions of the micro-organisms, vulcanized 
rubber and environments favouring the microbiological 
deterioration of the material in an attempt to arrive at a 
satisfying description of this phenomenon. 
The thesis is divided into two parts, the first con-
taining an introduction to the discipline of biodeteriora-
tion, background information on rubber technology and the 
results of a survey on the prevalence of the microbiological 
deterioration of natural rubber pipe-joint rings in the 
Christchurch Drainage Board area; and the second part, the 
description of experimental work undertaken in this 
investigation. The relevant literature is reviewed at the 
beginning of each chapter. 
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PART I 
INTRODUCTION 
CHAPTER 1 
MICROBIOLOGICAL DETERIORATION OF ORGANIC ~~TERIALS 
Since the Second World War a new branch of applied 
biology has emerged - this is the study of the biodeteriora-
tion and biodegradation of organic materials. 
Hueck (1965, 1968) has defined the biodeterioration of 
materials as "any undesirable change in the properties of a 
material caused by the vital activities of organisms". 
A narrower demarcation of this subject is the microbiological 
deterioration of,materials, which includes the study of the 
loss of the functional integrity of a material due to micro-
biological aitivity. 
The distinction between biodeterioration and bio-
degradation is anthropocentric, as biodeterioration implies 
a loss to mankind whereas biodegradation is usually associated 
with a useful activity. The breakdown of material by micro-
organisms is not always an undesirable phenomenon. The 
biodegradability of certain synthetic detergents makes them 
much more desirable than those l .... hich resist microbial attack. 
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The study o£ the microbiological deterioration o£ 
polymeric materials was greatly stimulated by the Second 
World War as the deterioration of military equipment used in 
various theatres of war, especially the tropics, was of 
strategic importance. Some of the experience gained in 
wartime conditions has been embodied in the publications of 
Siu (1951) and Greathouse and Wessel (1954). 
A wide variety of materials has been reported to be 
susceptible to microbiological deterioration. The following 
references refer to some of the more important materials : 
cellulosic materials such as cotton, jute, hemp, linen, rope 
and paper (Burgess, 1954; Gascoigne "and Gascoigne, 1960). 
Protein materials, for example wool, silk and leather 
(Agarwal and Purathingal, 1969, and Tancous, 1964); 
petroleum products (Beershecher, 1954; Davis, 1967, and Hill, 
1968); rubber and plastics (Heap, 1965, and Heap and Morrell, 
1968); plasticizers (Stahl and Pessen, 1954, and Heap, 1965); 
metals (Iverson, 1968); asphalts (Traxler, 1966); paint 
(Hoffman, 1969); wood (Cartwright and Findlay, 1958), and 
porous building materials (Hueck-van der Plas, 1968). 
The economic loss due to biodeterioration is consider-
able. Hueck-van der Plas (1965) estimated that the annual 
production of selected range of perishable materials in the 
year 1959-1960 to be fifty billion U.S. dollars, with an 
annual loss due to biodeterioration of a billion U.S. dollars. 
A number of general review articles covering the micro-
biological deterioration of organic materials have been pub-
lished (Abrams, 1948; 
1954; Turner, 1967; 
Siu, 1951; Greathouse and Wessel, 
~utler and Eggins, 1967; Anon, 1968, 
and Walters and Elphick, 1968). The growing number of 
publications on the topic of biodeterioration is indicative 
'of the interest in this young, and only recently defined, 
disCipline. 
The establishment of the International Biodeteriora-
tion Bulletin, a general journal for publication of original 
work in the field of biodeterioration, is an added stimula-
tion to research in this field. 
The persistence of organic compounds in the environment 
has been reviewed by a number of scientists, (Keilin, 1953; 
Alexander, 1965; Vallentyne, 1962 and 1965). Here the 
problem is the reverse of biodeterioration, and studies have 
been on the inability of micro-organisms to degrade materials 
such as humus, certain pesticides, detergents, hydrocarbons, 
carotenoids and porphyrins. The authors emphasized the 
effects of sedimentation and anaerobiosis on the decomposition 
of these materials, the physiological limitations of the 
potential biodeteriogens and the relationship between the 
chemical structure of the materials and the ability of micro-
organisms to degrade them. 
Ecological aspects of biodeterioration have been dis-
cussed (Eggins, 1968; Walch, 1968, and Block, 1953). The 
interaction of the deteriorating organisms, and material with 
the abiotic factors of the environment has been reviewed by 
these authors. Tribe (1960), in a claSSical study, observed 
a succession of organisms associated with the decomposition 
of cellulose in soil. 
Although Hueck (1965, 1968) introduced the comparison 
between pathology and biodeterioration to improve the basic 
methodology of the investigation of biodeterioration, I believe 
that it is necessary to approach the problem of biodeteriora-
tion with an ecological perceptive. 
Kormondy (1969) discusses the concept of the ecosystem. 
He described that an ecosystem consists of the abiotic 
environment and the biotic assemblage of plants, animals and 
micro-organisms. The abiotic environment is the physio-
chemical setting of the biological activity and includes the 
inorganic contributions of water, carbon dioxide, oxygen, 
inorganiC salts, the organic compounds resulting from bio-
logical activities and the physical parameters of the environ-
ment, such as temperature, solar radiation, pH, moisture 
content, and physical cycling of matter. The investigation 
of the energy flow and biogeochemical cycling leads to an 
understanding of an ecosystem. 
A knowledge of ecology is too well known for anything 
but a brief discussion. Chlorophyll-bearing organisms use 
solar radiation to assimilate carbon dioxide into energy-rich 
carbon compounds by the photosynthetic process, which is an 
autotrophic mode of nutrition. These organisms are termed 
producers. Other organisms meet their nutritional require-
ments by utilizing organisms and organic matter, accumulating 
in the environment, a heterotrophic mod$ of nutrition, and 
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they are termed consumers. The direction of movement of 
energy is from organisms with an autotrophic nutrition to 
those with a heterotrophic nutrition. 
A major group of heterotrophic organisms in an eco-
system is a group of micro-organisms, termed the decomposers. 
These organisms mineralize organic matter locked either in 
the dead animal and plant materia1 or the excretory products 
o£ anima1s, releasing carbon dioxide, nitrogen and inorganic 
salts to the environment for recyc1ing. 
More pertinent to the discussion of biodeterioration 
are ecosystems where the influx of organic materia1 produced 
external1y to the ecosystem is more important than the direct 
incorporation of so1ar energy (Ovington, 1962). Examp1es of 
this situation are found in forest f100r litter, and the 
region about a rubber pipe-joint ring in an underground 
pipeline. 
One of the best understood nutrient cyc1es is the 
carbon cycle. Here the movement of carbon dioxide is from 
the atmosphere to plant materia1, then to herbivores and 
carnivores. On their death it is mineralized by the micro-
organisms returning to the reservoir of carbon dioxide in the 
atmosphere and oceans. Whereas the respiratory activity of 
the producers and consumers return a proportion of the carbon 
dioxide to the atmosphere, the most substantial return is due 
to the metabo1ic activities of the decomposers degrading the 
waste matter and dead remains of the other trophic levels. 
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In certain circumstances organic matter may accumulate 
in the environment. Lindeman (1942) investigated the flow 
of energy in the Cedar Bog Lake, Minnesota; he emphasized 
the fate of energy transferred between each trophic level. 
It was found that 21% of the energy incorporated by the auto-
trophs was used for growth and matabo1ic activities; 17% was 
consumed by the herbivores; 3% was accounted for by the 
d~composers, and 78% was not utilized and became part of the 
accumulating sediments of the bog. 
In this wider ecological context, biodeterioration is 
concerned with the persistence of a processed material in 
the environment. The durability, for example, of a poly-
meric material will depend on the chemical and physical pro-
perties of the material and the structure and dynamics of the 
ecosystem into which the material is introduced. Generally 
the activities of the decomposers tend to lead to the 
microbial deterioration of polymeric materials, and it is 
only due to the conscious effort of man, such as the use of 
microbiocides, that the functional life of these materials 
is extended. 
It is eVident from the proceeding discussion that 
biodeterioration is the study of the interaction of deconl-
posing organisms, environment and material, an inter-
disciplinary subject encompassing the fields of ecology, 
microbiology, biochemistry and material science. 
, .... _. ":'" 
7 
THE PERSISTENCE OF ORGANIC COMPOUNDS IN THE ENVIRONMENT 
As emphasized earlier, the microbial dissimilation of 
carbon compounds is of paramount importance in maintaining 
a balance in the biosphere by completing the cycling of 
carbon. 
Micro-organisms have a remarkable capacity for adapting 
to many environmental conditions metabolising a wide range of 
organic compounds. This observation leads to the 
enunciation of the principle of umicrobial infallibilitytl. 
Gale (1952) stated tlit is probably not unscientific to suggest 
that somewhere or other some organism exists which can, under 
suitable conditions, oxidise any substance which is theoretic-
ally capable of being oxidisedtl • 
Martin Alexander of Cornell University has developed 
the principles of microbial fallibility and molecular 
recalcitrance. Alexander (1961 • 1964a, 1964b, 1965, 1966) 
has suggested that the reason why micro-organisms fail to 
degrade some organic compounds can be attributed to the exist-
ence of ecological situations not conducive to the growth of 
the degrading micro-organisms or the presence of materials 
with chemical structures which defy the degradative capacities 
of micro-organisms. Alexander (1965) suggested that the 
environmental conditions of anaerobiosis, absorption on clay 
minerals, complexing with other substances, absence of water, 
high salt concentrations, extremes of temperature, the 
presence of toxic compounds and acidity Can prevent the 
breakdown of organic material. 
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Perhaps even more interesting is the capacity of 
organic compounds to be resistant to microbiological 
degradation because of their chemical and structural 
characteristics. A microbiologically resistant material 
which has attracted great attention is humus. An excellent 
review by Lynch and Lynch (1958) discusses this persistent 
fraction of the soil organic matter. Humus has its origins 
in plant, animal and microbial residues and consists of 
complexes of lignin and protein residues, sugars, polyphenols 
and amino compounds. Mishustin and Nikitin (1961) studied 
the utilization of humic acids by micro-organisms and found 
that the rate of humic acid oxidation was inversely pro-
portional to the degree of structural complexity of the 
molecule. They claimed that a peroxidase was responsible 
for the degradation. Lignins, which are polyaromatic sub-
stances, have a low turnover in the soil. Fungi of the 
group Basidomycetes probably depolymerize lignin to give a 
variety of aromatic substances (Henderson and Farmer, 1955, 
and Ishikawa et ale 1963). 
The growth of micro-o~ganil!lms at the expense of 
hydrocarbon is well known, and the mechanism of attack has 
been investigated (Strawinski and Stone, 1940; Bushnell and 
Haas, 1941; Zobell, 1945; Beerstecher, 1954; Fuhs, 1961; 
Foster, 1962; Van dar Linden and Thijase, 1965; McKenna 
and Kallio, 1965; DaviS, 1967; Quayle, 1967; and Traxler 
and Flannery, 1968). The persistence of hydrocarbons in 
anaerobic environments has been long recognised and, in fact, 
the vast accumulations of hydrocarbons in underground 
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situations are the basis of the petroleum industry. In 
general, straight chain hydrocarbons are more easily utilized 
than branched chain hydrocarbons. Alkanes of medium chain 
length are degraded via the terminal methyl group to yield the 
primary alcohol, aldehyde, and corresponding carboxylic acid 
which lDay be further oxidized by the beta oxidation pathway. 
Branched chain hydrocarbons are degraded predominantly from 
th~ longer chain end of the molecule ,~hile degradation of: 
unsaturated hydrocarbons commences f:rom the saturated end of 
the molecule (Van der L~nden and Thijsse, 1965). Terminal 
dimethyl and neopentyl groups, methyl branches and the 
placement of substi tutes ,~ere found by NcKenna and Kallio 
(1964) all to decrease the degradation of alkanes and phenyl-
alkanes. An exception was that Pseudomonas sp., 1'1ycobacteria 
sp. and Nocardia sp. readily utilized pristane, squalene and 
squalane which have a similar pattern of methyl branches, as 
occurs in natural rubber and carotenoids. Traxler and 
Flannery (1968) reviewed the degradation of aromatic compounds 
which involves the perhydroxylation of the benzene ring to 
the corresponding trans-diol which are dehydrogenated to the 
ortho-dihydroxyl phenol derivative. This step is followed 
by ring fission by an oxygenase. 
Related to the microbiological degradation of hydro-
carbons is the degradation of synthetic detergents. 
Huddleston and Allred (1963) investigated the microbiological 
degradation of the SUlphonated alkylbenzenes, a group of 
anionic detergents. They found that the rate of oxidation 
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is related inversely to the distance between the terminal 
carbon and the benzene ring, the rates of beta oxidation 
decreased as the branching of the alkane chain becomes more 
complex. Tetrapropylene benzene sulphonate detergents, 
which have been found to resist sewage treatment causing 
foaming in surface waters, have had to be withdrawn from the 
market and replaced by linear alkyl-benzene sulphonates 
(~avis, 1967). 
In the last twenty years there has been a significant 
growth in the manufacture and use of organic compounds com-
pletely unrelated in structure to biologically synthesized 
compounds which can be degraded by the pre-existing enzyme 
systems of living organisms. When these compounds are 
chemically stable this has lead to their persistence in the 
environment. Prominent among this type of compound are the 
pesticides which accumulate in so~l and water and may con-
centrate up the trophic levels of different ecosystems after 
their use for pest control in the large scale production of 
food and natural fibres. Alexander (1965) and Bartha at ale 
(1967) list persistent pesticides which include the chlorin-
ated hydrocarbon insecticides dieldrin, Chlordane, DDT and 
heptachlor, organophosphate insecticides parathion and 
trithion, phenoxy herbicides, 2,4,5 T, phenylurea herbicides 
diuron and monuron, triazine herbicides atrazine, simazine 
and picloram and the fungioides captan, pentachlorophenol 
and zineb. 
Probably the best described example of the influence 
of chemical structure on the rate of microbiological 
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degradation is that of the herbicides based on 2,4 dichloro-
phenoxy alkyl aCids. Alexander (1965) has summarised the 
research findings of a number of workers. No halogenated 
phenoxy alkanoic acid having a chlorine group in the meta 
position on the benzene ring was degraded. The point of 
linkage of the fatty acid side chain, that is, alpha versus 
omega linkage, regulates the susceptibility of the molecule 
to. microbiological degradation. The pathways of degradation 
have been elucidated and involve the beta oxidation of the 
aliphatic side chain, cleavage of the other linkage and 
fission of the aromatic ring. 
Clearly, that the chlorinated phenoxy alkanoic acid 
herbicides 2,4, D (2,4 dichloro phenoxyl acetate) and 
2,4,5 T (2,4,5 trichloro phenoxy propionate) are resistant 
while 2,4 D (2,4 dichloro pheno~y propionate) is susceptible 
to microbial degradation, illustrates that slight chemical 
modifications to a compound can have a dramatic effect on its 
microbial degradability. 
The other group of organiC polymers of interest in the 
study of microbiological deterioration are plastics. The 
properties of plastics depend on their molecular weight and 
cross linkages. Thermoplastics are linear molecules with 
few, ~f any, cross linkages, while thermosetting plastics are 
highly cross-linked. The best known thermoplastics include 
polyethylene, polyvinyl chloride, polystyrene and cellulose 
acetate. Thermosetting plastics include phenol formaldehyde, 
melamine-formaldehyde and polyurethane. The microbiological 
12 
deterioration of plastics are ill-defined. A consensus of 
opinion exists in the review articles of Dawson (1946), 
Abrams (1948), Lightbody, Roberts and Wessel (1954), Heap 
(1965) and Turner (1967) that polyvinyl chloride, polyvinyl 
alcohol, polyvinylidene chloride, polystyrene, polymethyl 
acrylate, polyethylene, poly tetra fluoroethylene and ethyl 
cellulose are very resistant to microbial attack. On the 
o~her hand, urea formaldehyde, phenol-aldehyde, polyamide, 
cellulose acetate are apparently susceptible but the reports 
cited are conflictory, while polyvinyl acetate, thiokol, 
cellulose nitrate, melamine formaldehyde, silicone rubber and 
polyurethanes are moderately susceptible to microbial attack. 
Heap (1965) reviewed the literature on the micro-
biological deterioration of rubber and plastics. She 
emphasized that naturally occurring polymers, such as natural 
rubber and cellulose, appear to be consumed by micro-organisms 
while synthetic polymers are not broken down, but she stated 
that fungal growth may occur on many commercial rubbers and 
plastics in conditions of high humidity and moderate tempera-
tures, utilizing compounds added during processing, or even 
material adhering by chance to the polymer surface. 
Apparently synthetic rubbers are sufficiently different 
structurally not to be metabolized by micro-organisms capable 
of degrading natural rubber, which is in line with the view 
of Alexander (1965) who stated tl any compound which is 
synthesized biologically is degraded microbiologicallytl. 
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CHAPTER 2 
THE NATURE, FORMULATION AND VULCANIZATION OF NATURAL 
AND SYNTHETIC RUBBER 
A number of publications contain useful background 
information on rubber chemistry and technology. These in-
clude a widely known textbook on organic chemistry, which has 
an excellent brief chapter on rubber (Fieser and Fieser, 
1944); a general book on organic polymers (Meyer, 1950); a 
book on the subject of synthetic rubber (Whitby, 1954); a 
handbook on rubber technology published by a Vanderbilt 
Company (Winspear, 1958), and a more recent symposium on the 
chemical and physical properties of natural rubber (Bateman, 
THE NATURE OF NATURAL RUBBER 
Commercial supplies of natural rubber are obtained 
from the tree, Hevea brasiliensis, which is indigenous to the 
tropical rain forests of Brazil, and is now cultivated as a 
plantation crop in equatorial regions of all continents. 
The bulk of natural rubber is produced from plantations in 
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South-East Asia. Malaysia is the largest single producer, 
accounting for 40% of the total world production. 
In 1877, 22 seedlings of the rubber tree, Hevea 
brasiliensis, were introduced to Singapore and Malaya. 
Today, buds from high yielding trees are grafted on to the 
stocks grown from seedlings. Plantation rubber is a success 
story for plant breeding. All the descendants of a single 
high yielding tree are termed a clone. By crossing high 
yielding clones with trees having other desired character-
istics, rubber trees producing 1500 lb of dry rubber per acre 
per year are not uncommon to average plantations compared 
with the 250-500 lb per acre per year of original Hevea 
stands. 
Natural rubber latex occurs in vessels between the 
bark and cambium layer of the Hevea tree. The function of 
the latex is undefined, but Spence and McCallum (1936) 
investigated the function of latex in the Guayule plant, 
Parthenium argentatum. They found that latex had a profound 
physiological role as a primary energy reserve and the latex 
was mobilized during the re-establishment of seasonal growth. 
Latex is collected by a procedure called tapping. 
A spiral cut is made, transecting the latex ducts around part 
of the tree, and the latex flows into a collecting cup. 
The trees are tapped every alternate day. At the plantation 
factory dilute formic acid is used to coagulate diluted latex. 
The coagulated rubber is washed, de".,atered, crumbed on 
roller-mills, and press baled for export. Until recently, 
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natural rubber has been marketed as pale crepe or smoked 
sheet, which was graded on the appearance of' the rubber. 
A new grading system, the Standard Malaysian RUbber scheme, 
based on analyses of dirt, ash, nitrogen and copper contents, 
volatile matter and plasticity, was introduced in 1965. 
Fresh uncoagulated latex can be f'ractionated by 
centrifugation into the rubber phase, Frey Wyssling particles, 
serum and bottom f'raction. The major chemical components of' 
f'ield latex are protein (1.2%), lipids (0.9%), inositols (2%) 
and the rubber hydrocarbon ( > 90%). The colloidal 
suspension is maintained by protein absorbed on the surf'ace 
of the rubber particles. Smoked sheet contains 2.8% protein 
(N x 6.25), 2.9% acetone extract and 0.4% ash. Commercial 
latex is reported by Bloomfield and Mumford (1960) to contain 
0.2% protein (Nx 6.25), 2.0% acetone extract and 0.1% ash 
content. Double centrif'uging the latex concentrate and 
washing \d th detergents gives this substantial reduction in 
non-rubber components. 
The structure of natural rubber is essentially 1,4 
polyisoprenoid, with the monomer units joined head to tail. 
A minimum of at least 97% 1,4 structure is inferred from the 
infra-red spectrum; a weak absorption band in the spectrum 
suggests the possibility of a few 3,4 linkages being present. 
The rubber hydrocarbon has, a Cis configuration and X-ray 
dif'fraction studies indicate that the repeating units are 
a distance of 8.1 AO apart. The molecular chain is non-
planar as the CH2 - CH2 bonds lie out of the plane of' the 
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,double bond and adjacent isoprene units have considerab~y 
di££erent orientation. This distortion, which is brought 
about by weak van der Waa~s £orces, indicates there is con-
siderable £~exibi~ity and rotation about the sing~e carbon 
bonds (Meyer, 1950). 
Natural rubber hy~rocarbon is a polymer o£ very high 
molecular weight, averaging 1.85 x 106 when measured by a 
light-scattering method with cyclohexane as a solvent. 
Bristow and Westall (1967) established that the molecular 
weight distributions o£ natural rubber are wider than a 
normal distribution. Using a solvent extraction technique 
they £ound that there were two overlapping distributions with 
maxima o£ 0.07 x 106 > M > 0.25 x 106 and 0.75 x 106 > M > 
1.25 x 106 and the distribution was markedly positively 
skewed. 
Fieser and Fieser (1944) emphasized that the chemical 
nature o£ natural rubber has been known £rom the 19th century; 
the elementary £ormula o£ (C5 H8)n, the presence o£ double 
bonds and that destructive distillation yie~d isoprene. 
They cited the work o£ Harries (1905) who passed ozone into 
a solution o£ natural rubber, obtaining the ozonide which 
decomposed on the addition o£ water to yield levulinic 
aldehyde, levulinic acid and minute traces o£ carbon dioxide, 
£ormic acid and succinic acid. This clearly demonstrated 
that the rubber hydrocarbon consisted o£ isoprene units 
linlted head-to-tail. 
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THE HISTORY AND DEVELOPMENT OF VULCANIZATION 
Vu~canization is the heating of raw rubber with sulphur 
to improve its strength, durability and versatility. 
This process was discovered by Charles Goodyear in 
1839, and involves sulphur cross-linking of the rubber 
polymer. The vanderbilt Rubber Handbook describes the 
development of the formulation of natural rubber vulcaniza-
tion (Winspear, 1958). 
In the original compounds Goodyear heated 100 parts of 
raw rubber with eight parts of sulphur for five hours at 
2870 F. This vulcanizate was stable over a wider tempera-
ture range, but it had the long cure time and was susceptible 
to oxidative ageing. 
The introduction of organic accelerators of the 
vulcanization process and accelerator activators in 1920 lead 
to a shorter cure time, and the use of lower sulphur levels 
improved ageing and mechanical properties. Today, vulcaniza-
tion is achieved industrially by heating mechanically 
plasticized rubber with sulphur, organiC accelerators, zinc 
oxide and stearic acid. Additional compounding ingredients 
may include antioxidants, fillers, reinforcing agents, sun-
proofing waxes, pigments and fungicides. 
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A typical natural rubber formulation is 
Raw rubber 100 parts 
Zinc oxide 5 
Stearic acid 2 
Mercaptobenzothiazo1e 1 
pheny1-p-naphthy1amine 1 
Sulphur 3 
Hard clay 30 
Cured for 20 minutes at 2870 F its physical properties 
would be tensile strength 3000 1b per in2 , and elongation 
at break 500%. 
CHEMISTRY OF VULCANIZATION 
An excellent discussion on the chemistry of vulcaniza-
tion is that of Bateman et a1. (1963). 
Although the primary structural requirement for 
vulcanization is the covalent cross-linking of the rubber 
hydrocarbon with sulphur, other modifications can occur con-
currently at sites distant from the cross-links. In 
addition, there are in many formulations extra network 
material such as inorganic fillers, zinc sOaps, zinc sulphide, 
zinc salts of accelerator and carbon black reinforcing. 
Structural modification of the main chain, which can occur 
during the vulcanization process, is the formation of cyclic 
sulphides based on thiocyclopentane and hexane rings, changes 
in the olefinic pattern of the original rubber and scission 
of the main chain. 
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The principal vulcanizing agents are organic peroxides. 
elemental sulphur in unaccelerated systems, accelerated 
sulphur systems and sulphurless curing systems. 
Organic peroxide curing systems 
Dicumyl peroxide is an effective vulcanizing agent 
under conventional conditions. The unimolecular homolysis 
reaction is rate-determining and is a homogeneous first order 
non-chain free radical reaction. 
C6H5 C(CH3 )2 O-O-C (CH3)2C6H 
--+ 2 C6H5 C(CH3)20· 
R-H + C6H5 C(CH3)20. ~ R. + C6H5 C(CH3 ) OH 
R. + R· --+ R-R 
Hence one molecule of dicumyl peroxide forms one carbon-
carbon bond between adjacent rubber chains (Thomas, 1962, and 
Loan, 1964). 
The work of Parks and Lorenz (1961) indicated that the 
natural rubber network is built up of carbon-carbon cross-
links predominantly of the dialkenyl type, although some 
cyclic structures may be present vicinal to the cross-links. 
Under normal curing conditions chain scissions occur only to 
a small extent. Very little extra network material is 
present in dicumyl peroxide cured vulcaniza£es. This mainly 
comprises of undecomposed peroxide, the derived alcohol and 
a minor contribution of acetophenone. Figure 2.1 
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illustrates the structure of the natural rubber vulcanizate 
network obtained by cross-linking with dicumyl peroxide. 
Unaccelerated sulphur vulcanization 
The network produced from the heating of natural 
rubber with sulphur is of considerable structural complexity. 
This may be attributed to the incorporation of sulphur in 
the form of long polysulphide cross-links, cyclic mono-
sulphide and vicinal cross-links. Bateman et ale (1958) 
found three types of polysulphide cross-links. Cyclic 
monosulphides were of the thiocyclohexane and thiocyclo-
pentane types and the vicinal cross-links tended to act 
physically as single cross-links. 
Figure 2.2 shows the structure of the unaccelerated 
sulphur cured natural rubber networl<:. 
Sulphurless cured vulcanization 
Tetra methylthuiram disulphide zinc oxide natural 
rubber vulcanizates are characterized by their superior 
thermal and oxidative stability. These features are direct-
ly related to the formation of zinc dimethyl dithiocarbamate, 
a compound of known antioxidant properties, during the 
vulcanization process. 
The cross-linking is entirely sulphidic and the number 
of sulphur atoms in the cross-link is time dependent at a 
given temperature. This decreases to mainly monosulphide 
linkages at long cure times. Other extra network materials 
Figure 2.1 The structure of the vulcanized natural rubber 
network obtained by curing with dicumyl 
peroxide (after Bateman, Moore, Porter and 
Saville, 1963). 
Figure 2.2 The structure of an unaccelerated sulphur 
cured natural rubber network (after Bateman, 
Moore, Porter and Saville, 1963). 
9H3 l H3 
.... CH~C=CH-CH--CH2-C-CH-CH2--C1~-C=CH-CI 
. \ . L I 
-cHz---9=CI-I-CH~CH-CH=~-CH2 -1 
CH3 CH3 
Fig. 2.1 
Fig. 2.2 
The structure of the vulcanized natural rubber network 
obtru.ned during curing \uth dicumyl peroxide (after 
Bateman, Moore, Porter and Saville, 1963) 
The structure of an unacceleratecl sulphur cured natural 
rubber network (after Bateman, Moore, Porter and 
Savil1e, 1963) - ... 
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are tetramethyl thiourea, carbon disulphide, zinc sulphide 
and zinc carbonate, but these are in insignificant 
quantities. 
Figure 2.3 contains the structure of a tetramethyl 
thiuram disulphide cured natural rubber ne~work. 
Conventionally accelerated sulphur vulcanization 
Organic accelerators with activators such as zinc 
oxide and stearic acid increase the rate of sulphur combina-
tion with the rubber and the efficiency of utilization of 
the sulphur producing a simpler network structure. 
In mercaptobenzothiasole (~1BT) - sulphur natural 
rubber vulcanizates the degree of cross-linking depends on 
the relative concentrations of sulphur, ~mTt zinc oxide and 
stearic acid (Barton and Hart, 1952). An increase in 
temperature of vulcanization and decrease in fatty acid 
level leads to a more complex structural network than the 
mono and disulphide cross-links of the conventional cure. 
An increase in cure time leads to simpler and more complex 
structures depending on the relative concentrations of the 
reactants. 
Generally, efficiently cured ~T accelerated sulphur 
natural rubber vulcanizates are relatively stable thermally 
and have a simple network with dialkenyl mono and disulphide 
cross-links with conjugated triene units as main chain modi-
fications. There are negligible amounts of cyclic mono-
sulphides or vicinal cross-links while main chain scission 
Figure 2.3 The structure of a tetramethyl thiuram 
disulphide cured natural rubber network (after 
Bateman, Moore, Porter and Saville, 1963). 
Figure 2.4 The structure of a MET sulphur cured natural 
rubber network (after Bateman, Moore, Porter 
and Saville, 1963). 
-', -,- ._ ..... '.;. < .... '-;> 
-.cH2-~~CH-CH2 -1-1" 
, 
CH3 
Fig. 2.3 The structure of a tetramethyl thiuram disulphide cured 
natural rubber network (after Bateman, !v;oore, Porter and 
Saville, 1963) 
Fig. 2.4- The structure of a 1m'r sulphur cured natural rubber network 
(after Bateman, Moore, Porter and Saville, 1963) 
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is believed to be insignificant. The extra network material 
includes zinc salts of MBT and stearic acid. 
Benzothiazyl disu~phide and sulphenamide derivatives 
of MBT reduce premature vulcanization during processing, 
which is termed scorching. Figure 2.4 contains the 
structure of the MBT sulphur natural rubber vulcanizate 
network. 
SYNTHETIC RUBBERS 
The development of synthetic rubber stemmed from the 
discovery of emulsion polymerization by German research 
workers in the early 1930's. I.G.Farbenindustrie of Germany 
first marketed the copolymers of butadiene with styrene or 
acrylonitrile. The development of polychloroprene and butyl 
soon followed in America. 
The Japanese occupation of South-East Asia during the 
Second World War cut off the supplies of natural rubber. 
This lead, with Government support, to the rapid growth of 
the synthetic rubber industry in the United States. 
Types of synthetic rubber 
It is important to stress that synthetic rubber is not 
just synthetized counterparts of natural rubber. Variation 
in chemical and physical properties are as great amongst the 
synthetic rubbers as the difference between individual 
synthetic rubbers and natural rubber. 
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Styrene butadiene rubber 
Styrene butadiene rubber (SBR) is made by the 
copolymerization of styrene and butadiene. The so-called 
cold rubber recipe involves a water soluble reducing agent 
(ferrous pyrophosphate) and a monomer soluble oxidising agent 
(p menthane hydroperoxide) whi~h react with the monomers at 
relatively low temperatures to generate free radicals which 
in~tiate polymerization. SBR is the cheapest synthetic 
rubber used as a replacement for natural rubber; it has a 
lower tensile strength, resilience, tear resistance, and 
compression set. Poor ageing properties are avoided by the 
inclusion of' antioxidants in the formulation and more active 
curing system than natural rubber are required. 
Neoprene 
Neoprene is the generic name for all the polymers of 
chloroprene (2 chI oro 1,3 butadiene). It is very resistant 
to weathering, ozone attack, acids, oil, fat and greases, 
but is prone to moisture absorption and is considerably more 
expensive than natural rubber. 
It is commonly used for hosing and belting material. 
Butyl rubber 
Butyl is produced by copolymerizing Iso butylene with 
small amounts of isoprene and this is accelerated by a 
Friedel-Crafts catalyst. Butyl has excellent ozone, flexing 
and chemical resistance and a low permeability to gases, but 
it has poor resilience, abrasion resistance and suffers from 
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compression set. It is extensively used for tyre inner 
tubing. 
Nitrile rubber 
Nitrile rubbers are produced by the copolymerization 
of butadiene and acrylonitrile. The properties of Nitrile 
varies considerably with the ratio of acrylonitrile and 
butadiene. High acrylonitrile rubber is used where resist-
ance to aromatic fuels, oils and solvents is required. 
The physical properties are generally inferior to natural 
rubber. 
Figure 2.5 illustrates the structure of natural 
rubber, neoprene, nitrile, polybutadiene, butyl and styrene 
butadiene rubber. 
DESCRIPTION OF THE VULCANIZATION OF NATURAL AND SYNTHETIC 
RUBBER 
Compounding, mixing and vulcanizing procedures used in 
the processing. of the test rubber samples broadly complied 
with ASTM specifications. (American Society for Testing 
Materials, Specifications D15 Standard Rubber; Carbon Black 
and Gasket, 1968). All operations were carried out in the 
laboratory of Empire Rubber Mills (N.Z.) Ltd., Woolston, 
Christchurch. 
The test rubber samples were compounded in the weigh-
ing room. The base polymer, accelerator activators, 
inorganic filler, carbon black and sulphur were weighed to 
Figure 2.5 The structure of natural rubber, neoprene 
nitrile, polybutadiene, butyl and styrene 
butadiene rubber (after Winspear, 1958). 
Rubber Polymers 
9H3 
(-CH2-C=CH-CH 2-)n 
Natural 
CI 
I 
(-CH -C=CH-CH -) 2 2 n 
Neoprene 
H 
I 
(-CH-C=CH-CH -) 2 . 2 n 
Polybutadiene 
SBR 
CH3 CH 3 I I 
·t-CH2- ~ -CH2-C =CH-CH2-)n 
CH3 
Butyl 
Nitrile 
Figure 2.5 The structure of natural rubber, neoprene 
nitrile, polybutadiene, butyl and styrene 
butadiene rubber (after Winspear, 1958). 
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an accuracy of 1% on a one kilogram pan balance while the 
accelerators "and antioxidants were weighed to an accuracy of 
0.1% on a 50 gram pan balance (Avery (N.Z.) Ltd.). 
Mixing, the operation of dispersing compounding 
ingredients uniformly in the base polymer, was done on a 
small scale roll mixing mill with 14 x 5 inch rollers and 
1:14 friction ratio (Jas.Niven Engineering (N.Z.) Ltd.). 
To aid dispersal of the ingredients the rubber on the 
fast roll was repeatedly cut three-quarters of the length of 
the roll and folded into the centre. The separation between 
the counter-rotating rollers was adjusted to facilitate the 
mixing of the gradually added ingredients. A sheet of 
plastic was positioned below the rollers to avoid the loss of 
any added ingredients. Water flow through the rollers was 
controlled to adjust the temperature of mastication to pre-
vent scorching, and,to achieve a good tack, keeping the 
rubber running on the top roller of the mill. 
After the dispersal, the stock was prepared on the mill 
as slabs for compression vulcanization. All test rubber 
samples were press vulcanized as 6 x 6 inch tensile sheets. 
Excess stock was placed in the compression mould cavity so it 
readily flowed into the desired shape. This excluded 
trapped air, giving a uniformly cured rubber without porosity 
and surface defects. The heat source of the curing press 
was saturated stream and the raw rubber was subjected to 
60 psi at a temperature of 2930 F for 10 minutes. 
26 
CHAPTER 3 
AGEING OF VULCANIZED RUBBER 
INTRODUCTION 
A discussion on the ageing of vulcanized rubber is 
pertinent to the investigation of the microbiological 
deterioration of rubber. Dickenson (1965) suggested that 
prior oxidative scission of the natural rubber polymer is 
necessary for microbial attack to proceed. If this is sn, 
then the vulcanizate most susceptible to ageing will be most 
susceptible to microbiological deterioration. 
AGEING PROCESSES 
Rubber technologists recognize six types of ageing 
processes in natural rubber. Buist (1956) lists these as 
shelf-ageing, heat ageing, photo-ageing, metallic poisoning, 
flex cracking and ozone cracking. 
The first two are simple oxidations with the 
distinction between them being the temperature at which the 
oxidation occurs. L~ght ageing and metallic poisoning are 
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cata1yzed auto-oxidations with radiation and heavy metal ions 
respectively activating the £ormation o£ hypoperoxide groups 
in the rubber. The inclusion o£ black pigment in rubber 
£ormulations eliminates the problem o£ 1ight ageing. F1ex 
cracking is an ageing process associated with the repeated 
app1ication o£ mechanical stress to the rubber. Ozone 
attacks the double bonds o£ the rubber hydrocarbon initially 
£o~ming an ozonide which eventually leads to the cleavage o£ 
the bond. 
Two opposing reactions take place during the oxidation 
o£ vulcanized natural rubber. The £irst is chain scission 
leading to a rapid reduction in molecu1ar weight o£ the 
rubber while the second is a cross-1inking reaction involving 
oxygen. The technique o£ stress relaxation is used to 
estimate the extent o£ the scission and cross-linking 
reactions. According to Dunn and Scanlan (1963) in natural 
rubber breakdown chain scission predoDlinates, but the curing 
system has a marked e££ect upon the ratio o£ scission to 
cross-linking. 
Tobolsky and his co-workers (1959) c1aimed that 
initiation o£ auto-oxidation occurs by photo-chemical 
decomposition o£ hydroperoxides and that chain scission is 
a randomly occurring, simultaneous reaction accompanying 
the decomposition. A1ternatively, they suggested that chain 
scission cou1d occur by a catalyzed breakdown o£ hydro-
peroxide groups within the rubber network. 
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A1though there appears to be genera1 agreement in 
the 1iterature that peroxide cured and TMTD-sulphurless cured 
rubber is degraded by random chain scission, the circum-
stances o£ sulphur accelerated vulcanizates remain 
unresolved. Watson (1958, 1959) claimed that directed 
scission occurs at the sulphur cross-links. However, 
Tob01sky et al. (1959) accounted £or their stress-relaxation 
da~a by assuming random scission at any point between the 
cross-links. They showed that chain scission was dependent 
o£ cross-linking agent, but dependent on the nature o£ the 
polymer. 
The rate o£ oxidation o£ rubber is low at room 
temperature. As the di££usion o£ oxygen in rubber is slow, 
oxygen becomes rate determining at higher temperatures. 
The temperature at which this changeover occurs is a £unction 
o£ the sample thickness. 
Shelton, Wherley and Cox (1953) demonstrated there 
were £undamental di££erences in the oxidation o£ £our types 
o£ vulcanized natural rubber. They showed £rom the Arr-
henius Plot (logarithm o£ oxidation rate against reciprocal 
o£ the temperature) that the curing system a££ects the rate 
o£ oxidation and the apparent activation energy of the 
oxidation. 
The rate of oxidation o£ vulcanized rubber is depend-
ent on the oxygen pressure. In fact, oxidation at elevated 
oxygen pressure in an oxygen bomb is the basis of an 
accelerated ageing test. 
" 
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MECHANISM OF AGEING 
The sequence o£ events in oxidative ageing was 
described by Norling et ale (1965). The £irst step is the 
£ormation o£ £ree radicals in the polymer, activated by heat 
or radiation. These may arise £rom the decomposition o£ 
unstable peroxides or the dissociation o£ the more stable 
carbon-carbon and carbon-hydrogen bonds. Free radicals 
£rom the latter reaction react with oxygen £orming peroxidic 
radicals which, in turn, abstract hydrogen atoms £rom the 
adjacent rubber hydrocarbon chain producing a hydroperoxide 
group. 
rubber. 
These decompose, resulting in the scission o£ 
Antioxidants prevent this chain reaction, terminating 
it by trans£ar o£ the £ree radical to itself. The £ormation 
o£ a resonance stabilized structure ef£ectively terminated 
the propagation o£ the oxidation reaction. 
Wake (1958) described ozone attack o£ vulcanized 
rubber. Ozone attacks carbon-carbon double bonds, £orming 
an ozonide structure which undergoes scission under stress. 
No visible changes occur when unstrained natural rubber is 
exposed to low concentrations of ozone, but electron micro-
scopy reveals that ozone does attack the unstretched rubber, 
£orming an oily degraded layer on the exposed sur£ace. 
This attack is severely limited by the slow di££usion o£ 
ozone into polymeric materials. Penetration in 30 minutes 
at a concentration o£ ozone of 100 ppm was £ound to be 
30 
8 -4 x 10 cm. I£ rubber is strained, the molecular movement 
induced by the imposed stre~s leads to the rupture of the 
surface layer at right angles to the applied stress. This 
permits further ozone penetration. 
EFFECTS OF CURING AGENTS ON AGEING 
The nature of the cross-links in vulcanized natural 
r~bber and the accelerator residues influence the rate of 
oxidation. 
Ossefort (1959) found that when natural rubber was 
cured by irradiation in vacuo, natural antioxidants in the 
pale crepe survived the curing process and subsequently 
protected the vulcanizate £rom oxidative ageing. 
Peroxide cured natural rubber is structurally similar 
to radiation cured rubber, differing only in the presence of 
extra network material. The absence of sulphur presumably 
means peroxide cured rubber is more resistant to oxidative 
ageing than sulphur accelerated rubber. 
TMTD-sulphurless cured natural rubber ages very much 
better than accelerated sulphur cured rubber. Fletcher and 
Fogg (1958) state that high oxidation resistance is due to 
the presence of acetone extractable zinc dimethyl dithio-
carbamate (ZDMC) derived from the curing agent tetra methyl 
thiuram disulphide. The dithocarbamate is known to be a 
powerful peroxide decomposing antioxidant. 
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Scheele and his co-workers (1957) followed the 
formation of ZDMe as the curing reaction proceeded. 
proposed the stiochiometric formation of ZDMe. 
They 
Accelerated sulphur cured natural rubber contains a 
complex system of cyclic and cross-linking sulphur groups, 
accelerator residues and unreacted sulphur. These reduce 
the oxidation resistance of the rubber. Dunn (1960) found 
th~t thiazole accelerated natural rubber is prone to 
oxidative cross-linking. Network bound mercaptobenzo-
thiazole groups probably continue the vulcanization process 
under the activating influence of oxygen. Increased sulphur 
content markedly decreased the oxidation resistance of MBT 
accelerated sulphur cured natural rubber (Pedersen, 1955). 
The state of the cure also influences oxidation resistance. 
MBT sulphur cured rubber gave good ageing characteristics 
at optimum cure, but deteriorated rapidly on over-curing. 
It is 10lOwn that carbon black enters into chemical 
combination with rubber during vulcanization. Kraus and 
Dugene (1955) believed this was partly responsible for its 
reinforcing activities in vulcanized rubber. Investigations 
of Winn, Shelton and Turnbull (1943) and Amerongen (1953) 
showed that the presence of carbon black reduced the resist-
ance to oxidative ageing at elevated temperatures. This 
was a function of the surface area of the carbon black. 
Apparently a greater surface area increased the rate of 
absorption of oxygen. 
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The e~~ect o~ curing system on rubber oxidation and 
physical degradation has been investigated by McDonel and 
Shelton (1959) who used the volumetric oxygen absorption 
method to ~ollow the degradation o~ vulcanized natural 
rubber. A series o~ natural rubber gum stocks were aged 
i b t . t t 900 C d n an oxygen a sorp 10n appara us a un er one 
atmosphere o~ oxygen. They found that the sequence of 
sus~eptibility to oxidative ageing was : 
Unaccelerated sulphur cured ;> DPG accelerated 
sulphur cured > HBTS sulphur cured > :t-ffiT sulphur 
cured > HBS sulphur cured > dicumyl peroxide cured 
radiation cured> THTD sulphurless cured natural rubber. 
According to the hypothesis of Dickenson (1965, 1968) 
unaccelerated sulphur cured natural rubber should be the 
most susceptible, and TMTD sulphurless cured natural rubber 
the least susceptible to microbiological deterioration. 
CHAPTER 4 
MICROBIOLOGICAL DETERIORATION OF NATURAL RUBBER 
PIPE-JOINT RINGS IN THE CHRISTCHURCH AREA 
INTRODUCTION 
The city of Christchurch and its surrounding suburbs, 
with a population of 254,800, is the second largest city in 
New Zealand. It is situated on the eastern extremities of 
the Canterbury Plains adjacent to Banks Peninsula in the 
South Island of New Zealand. 
The disposal of stormwater and sewage in Christchurch 
and its environs is the responsibility of the Christchurch 
Drainage Board. This Board was constituted under the 
Christchurch District Drainage Act, 1875, and its present 
area is 112.7 square miles. The function of the Board is 
to provide, operate and maintain adequate sanitary sewerage 
systems, sewage treatment facilities and stormwater drainage 
systems within its district. Figure 4.1 shows a map of the 
Christchurch Drainage Board district. 
In Christchurch sanitary sewage disposal is by a 
separate system where domestic and trade waste effluents are 
conveyed in gravity and pressure mains to the sewage treat-
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Map of the Christchurch Drainage Board area showing 
location of collections of pipe-,joint rings from 
domestic sidelines. 
Deteriorated, undeteriorated.~ 0 
ment works. The low elevation of Christchurch (Cathedral 
Square in the centre of the city is about 15 feet above sea 
level), and absence of a sufficient grade in a number of 
areas in the city necessitates the use of pressure mains. 
The sewage treatment works is situated adjacent to 
the Estuary of the Avon and Heathcote Rivers. Treatment is 
by sedimentation, high rate trickling filters and oxidation 
p~nds. 
Household wastes are conveyed by four-inch ceramic 
sidelines to concrete sewer mains in most of the sewerage 
system. The more recent of these underground pipelines are 
jointed with natural rubber pipe-joint rings. The nature 
and extent of microbiological deterioration of these pipe-
joint rings was determined by collecting rings from under-
ground pipelines unearthed during alteration and repair 
work. 
NATURAL RUBBER PIPE-JOINT RINGS 
Natural rubber pipe-joint rings are currently used in 
the Christchurch Drainage Board district as flexible water-
tight joints for earthenware and concrete underground pipe-
lines conveying sewage and stormwater. Rubber rings were 
first used in Christchurch in late 1938 to joint four-inch 
concrete domestic laterals in situations where the water 
table was too high to allow jointing to be done with mortar. 
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There was a period of transition from mortar joints to 
rubber rings in sewer mains between 1946 and 1959 when the 
Plumbing and Drainage Regulations made flexibily jointed 
pipelines mandatory. However, the transition to rubber 
rings was accomplished between 1959 and 1960 in sidelines. 
The use of flexible vulcanized natural rubber pipe-
joint rings has the advantages of ease of installation and 
f~rmation of a watertight joint with the ability to with-
stand limited ground movement and traffic vibrations. 
The materials, physical properties and workmanship of pipe-
joint rings are specified in New Zealand Standard SpeciCica-
tions (N.Z.S. 1311:1957). The specification details the 
polymeric material used in the manufacture of the rings, 
physical characteristics, such as hardness, tensile strength, 
elongation at break, compression set, swelling in benzole, 
water absorption and resistance to heat ageing required for 
acceptability. These standards ensure the high quality of 
the natural rubber used, prevent the dilution of the rubber 
with large amounts of inorganic fillers and carbon black, 
and encourage the inclusion of an antioxidant to enable the 
vulcanized rubber to pass the heat ageing test. 
Rubber pipe-joint rings used in the Christchurch 
Drainage Bo~rd district are at present almost exclusively 
supplied by two companies: Empire Rubber Mills Ltd., of 
Woolston, Christchurch, and Reidrubber (N.Z.) Ltd., of 
AUCkland. The pipe-joint used in the concrete and ceramic 
pipes is similar to the Trocoll Cornelius flexible 
telescopic push-in type joint described by Clarke (1967). 
This joint takes an unrestrained 0 ring joint. The design 
was derived from the earlier joint used when mortar jointing 
was employed. The changes made were that the gap between 
the spigot and collar is made parallel and the surface 
smooth, whereas it was oblique and rough when the joints were 
to be mortar sealed. Figure 4.2 shows a four-inch diameter 
c~ramic pipe-joint and rubber ring. 
A number of local authorities in New Zealand, 
including the Wellington City Council, have specified neoprene 
sleeves as a jointing procedure in sidelines. Using this 
method, each length.of pipe is placed end to end and jointed 
with a neoprene sleeve which is maintained in place by two 
pieces of stainless steel wire. However, the spigot and 
collar joint is favoured for use in the Christchurch Drainage 
Board district. 
MICROBIOLOGICAL DETERIORATION OF PIPE-JOINT RINGS FROM 
DOMESTIC SEWER LATERALS 
INTRODUCTION 
The majority of pipe-joint rings collected in the 
Christchurch area was obtained from domestic sewer lines 
excavated when households were connected to the sewerage 
disposal system after being served by domestic septic tank 
systems for a number of years. 
Figure 4.2 Six-inch diameter ceramic pipe joint 
showing pipe-joint ring. 
Fig. 4.2 Six-inch diameter ceramic pipe joint showing 
pipe-joint ring. 
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COMPOSITION OF SEWAGE 
The· composition of the raw sewage in the Christchurch 
Drainage Board disposal system is similar to that elsewhere 
in the world. This composition was described by Lambden 
(pers.comm. 1970), and is set out in Table 4.1. 
Table 4.1 
Composition of Domestic Sewage in the Christchurch 
Drainage Board Disposal System 
pH 
Total solids 
Suspended solids 
Biochemical oxygen demand 
Total nitrogen 
Phosphate 
Detergents 
Flow 
6.6 - 7.0 
ppm 
300 - 400 
200 
150 - 200 
25 - 30 
3 - 4 
2 - 3 
60 - 120 gallons per 
persons per 
day. 
There are two types of outfall from a house when not 
connected to the public sewer; the water closet line and 
the sullage line. The main components of the effluent in 
the water closet line are faeces and urine, while sullage 
consists of dishwashing and food preparation wastewater from 
the kitchen sink and personal and clothes washing wastewater 
from the bathroom and laundry. Painter and Viney (1959) 
described the main gross components of domestic sewage in 
terms of the amounts of carbon, organic nitrogen and ammonia-
nitrogen. Their findings are set out in Table 4.2. 
'"-<'-"--:-. ->-" ~:-.'~'-' 
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Table 4.2 
Components of Raw Sewage (gallons per person per day) 
from Painter and Viney (1959) 
Component Organic Organic NH4-Nitrogen 
carbon nitrogen plus urea 
Faeces 17 (12-22) 1.5 (1-2) 
Urine 5 1.7 (0.5-3) 10.5 (7.5-17.0) 
Dishwashing and food 
preparation wastewater 8 0.2 0 
Personal and clothes 
washing wastewater 7 0 
Total 37 3.4 10.5 
Typically, when connected to the sewer main, waste-
water from the kitchen, laundry and bathroom is discharged 
into a gully trap which drains the effluent into the 
lateral. This is met by the effluent from the water closet 
at another junction in the sideline. The two types of 
wastewater are conveyed via the sideline to a sewer main 
situated beneath the roadway. There is a diurnal pattern 
of flow of domestic waste effluents. The flow pattern in 
a Christchurch domestic sewer lateral was determined by 
flume measurements , undertaken by Drainage Board investi-
gation engineers, on a sideline carrying domestic effluent. 
The flow pattern from Millbrook Flats, a high rise 
apartment building on the corner of Carlton Mill Road and 
Rhodes Street, Christchurch, was measured. Access was 
available through a manhole to the six-inch sideline. 
Virtually no flow occurred during the sleeping period of 
39 
the night a£ter 12.00 to 1.00 a.m. The resumption o£ £low 
occurred with the resumption o£ activity £rom 6.30 a.m. 
onwards. The £low o£ e££luent was a maximum at 8.00 a.m. 
and this tailed o££ during the morning, a minor peak 
occurred at noon and the next large discharge was £ound to 
be between 4.00 and 6.00 p.m., and the £low o£ domestic 
e££luent remained high during the early evening with the 
p~ak £low at 7.00 to 8.00 p.m., remaining high £rom 9.00 
to 11.00 p.m. and tailing o££ to minimum £low a£ter this 
time. 
This pattern o£ £low was modi£ied in the weekend and 
in other circumstances when members o£ the household 
remained at home. Generally, the peaks in the £low pattern 
occurred at a later hour in the weekend and the discharge 
was spread over a longer period. Temperature measurements 
were made dsi~ga thermocouple and a chart recorder. As 
there may be a time lag in the response o£ this type o£ 
temperature measuring device the greater volumes o£ £low 
£rom the apartment building ensured that the temperature o£ 
the sideline could be monitored successfully. Measure-
ments were made £or a week during the middle o£ February, 
1971. 
The temperature o£ the e££luent was mainly between 
210 and 240 C £rom the hours o£ 6.00 a.m. to midnight and 
fell to between 180 and 200 C during the hours o£ midnight 
to 6.00 a.m. The maximum temperature recorded was 380 C. 
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The situation investigated may be expected to 
resemble the temperature flow pattern in ordinary domestic 
sewer laterals. 
The range o£ temperatures recorded are compatible 
with the growth of ,A.ctinomycetes which have· been implicated 
with the deterioration of natural rubber pipe-joint rings 
(Chapter 5). 
NUMBER OF PIPE-JOINT RINGS INSTALLED IN SIDELINES IN THE 
CHRISTCHURCH AREA 
Household sanitary disposal systems consist of four-
inch diameter ceramic sewer sidelines jointed every two and 
a half feet with natural rubber pipe-joint rings. A house 
may have one or two gully traps draining sullage and a 
water closet line. Hodgson (Pers.comm. 1970) estimated 
that the average length of a typical connection in a 
suburban area is 130 feet, and this contains 56 joints. 
The number of new connections from the years ending 
on the 31st 1-1arch, 1961 to 1970 inclusive was 31,275, which 
would represent 558.5 miles of sidelines containing an 
estimated 1,695,400 natural rubber pipe-joint rings. 
Prior to the changeover from mortar to rubber pipe-joint 
rings in 1959, 1,715 connections were made, which consisted 
of four-inch diameter concrete laterals jointed with rubber 
rings. It is estimated that represents another 6,860 pipe-
joint rings, making a total of 1,702,200 rings in use in 
sidelines in the Christchurch Drainage Board area. 
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METHODS AND ~~TERIALS 
Natural rubber pipe-joint rings from domestic sewer 
laterals were collected exclusively from the Christchurch 
Drainage Board area. The majority of the rings were from 
four-inch diameter earthenware pipelines. These were 
obtained with the co-operation of staff of the Inspectors 
Department of the Christchurch Drainage Board, and 
individual drainlayers. 
The rubber pipe-joint rings were collected on the 
site of alterations. The orientation of the rings was 
recorded, and the rings were placed in a plastic bag. 
Samples of the pipe-joint residue and the soil surrounding 
the collar were taken wherever possible. Details of the 
location of the rings, date collected, number of years in 
use after installation, the extent and the nature of the 
deterioration of the rubber ring and pH of the residue and 
soil were recorded. 
The following convention was adopted to describe the 
degree of microbiological deterioration of the pipe-joint 
rings 
1. Extreme deterioration 
Pipe-joint rings with over 50% of the cross-
section in the deteriorated area eroded away or 
shOl'ling a loss of rubber properties due to micro-
biological deterioration. 
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2. Marked deterioration 
Pipe-joint rings with 20 - 50% o£ the cross-
section in the deteriorated area o£ the ring 
showing signs o£ microbiological deterioration. 
3. Deterioration 
Pipe-joint rings with obvious signs o£ micro-
biological deterioration to the sur£ace. 
4. Slight deterioration 
Pipe-joint rings with super£icial signs o£ micro-
biological deterioration. 
5. No deterioration 
Pipe-joint rings with no signs o£ microbiological 
deterioration. 
6. So£tening 
Pipe-joint rings soft and swollen. 
RESULTS AND DISCUSSION 
A total of 583 natural rubber £our-inch pipe-joint 
rings were collected. 164 rings (35.8%) wer~ showing signs 
of microbiological deterioration about the flow line on the 
inside circumference; 153 (33.4%) were deteriorated about 
the outside circumference of the ring in contact with the 
soil in the back-filled trench and 28 (6.1%) were deterior-
ated on both sides. In addition, 52 (9.0%) showed 
distinct signs o£ so£tening at the flow line. 
.. -- -.-.-,-. -.-' ...... -. ~ . - ... ~ '. ~ . - '_. , . 
A description of' the number of' pipe--joint rings at 
each stage of' microbiological deterioration is f'ound in 
Table 4.3. 
Table 4.3 
Description of' the Degree of' Microbiological Deterioration 
of' Pipe-joint Rings f'rom Domestic Laterals 
Age 
(years) Extreme Marked Deteriorated Slight None Totals 
1 
2 
3 
4: 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
Totals 
Percentage 
2 
11 
4 
17 
of' to.tal 2.9% 
1 
3 
6 
3 
17 
8 
10 
21 
65 
51 
25 
16 
4 
1 
201 
2 
4 
10 
29 
37 
38 
3 
4 
4 
131 
16 
7 
26 
44 
27 
21 
53 
2 
20 
1 
217 
16 
9 
38 
64 
77 
124 
147 
30 
46 
9 
16 
4 
583 
A distinctive pattern of microbiological deterior-
ation was apparent on the pipe-joint rings. The surface 
of the rubber ring in the invert (the lower hemisphere of 
the cross-section of the pipeline) which was most f'requently 
immersed by the sewage was not attacked by micro-organisms. 
An explanation f'or this could be that the ef'fluent and 
sediment surrounding the ring in the bottom of the pipe-
joint would be anaerobic and the proliferation of' rubber 
deteriorating micro-organisms would be discouraged. 
The surface of' the rubber ring exposed to the top of' 
the flow line was most f'requently attacked. Alternate 
wetting and drying of the rubber surface, the presence of 
liquid water and the abundant supply of oxygen could be 
expected to encourage deterioration of the vulcanized rubber 
by aerobic micro-organisms. 
'rhe remainder of' rubber surface exposed to the 
interior of the pipeline was not attaclted. 
This requirement of the presence of liquid water f'or 
the microbial attack of' vulcanized natural rubber-('was 
demonstrated in pure culture experiments (see Chapter 6). 
The Streptomyces SPa inoculated into the mineral salts 
solution degraded the rubber at and below the water level. 
No attack occurred above the cultural f'luid although the 
rubber strip was apparent despite the rubber being in an 
atmosphere of' high relative humidity. 
Microbiological deterioration of the outside circum-
ference of the pipe-joint ring in contact with the soil 
surrounding the pipeline was confined to organic soil which 
was not w-aterlogged. The rubber surf'ace exposed to the 
soil below the invert was most commonly deteriorated. 
Possibly moisture condensing about the pipeline collected 
here stimulated the activities of rubber deteriorating 
micro-organisms. 
The majority of' pipe-joint rings collected came from 
the outer suburbs of Christchurch and had been in the ground 
for no longer than ten years. The location of' each 
collection of pipe-joint rings is sho''lll in Figure 4.1. 
It is dif'ficult to predict the extent and future 
progression of' the microbiological deterioration of' pipe-
joint rings from the small sample collected. On the basis 
of the sample collected, the estimated percentage of pipe-
joint rings ih sidelines subjected to deterioration was 
63% (95% confidence interval 53% to 72%). Usually signs 
of microbial attacli: were not apparent until four years af'ter 
installation. More pipe-joint rings were found to be 
deteriorated than undeteriorated after six years in under-
ground situations. As signif'icant numbers of pipe-joint 
rings have been used in four-inch ceramic domestic sewer 
laterals only since late 1959, no certain prediction can be 
made about the suitability of' natural rubber as a jointing 
material over longer periods of time. However, pipe-joint 
rings ~lich had been installed more than twelve years in 
46 
concrete sidelines were examined and found to be all in an 
extreme state of microbiological deterioration (see Scale 
of Deterioration). Possibly deterioration is worse in 
concrete pipes, however, these observations suggest that the 
extent of deterioration of pipe-joint rings in domestic 
laterals is progressive with the passage of time. 
The details of individual pipe-joint rings collected 
a~e set out in Table 4.4 (see Appendix). 
MICROBIOLOGICAL DETERIORATION OF PIPE-JOINT RINGS IN 
SE\\fER MAINS 
INTRODUCTION 
Household wastes are conveyed via four-inch diameter 
earthenware sidelines to a network of six, eight, nine, ten, 
twelve, fifteen, eighteen, twenty-one, thirty, thirty-six, 
forty-eight and fifty-four-inch diameter concrete sewer 
mains. As previously described, there is a diurnal 
pattern of flow of domestic waste effluents. The extremes 
of this flow pattern are less marked as the effluent pro-
ceeds further down the trunk sewers to the treatment works. 
The flow levels and temperature of the sewage in the 
Drainage Board's main sewerage system were studied by 
Greenland (Pers.comm. 1970). Measurements were made of the 
volume of discharge passing down a twenty-one-inch concrete 
trunk sewer, termed the Riccarton Interceptor, situated in 
Division Street, Christchurch. These were made during a 
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period of dry weather to minimize the contribution made by 
infiltration of groundwater from the high water table during 
the wetter winter months. Presumably there was an influx 
of water permulating through the concrete ~nd: ceramic pipes 
and imperfect pipe joints. This trunk sewer drained 
domestic effluent from 3,350 households. 
In a sewer main conveying the discharge of a large 
number of connections, variations in flow, due to the 
sanitary activities in anyone household, are lessened. 
The flow was at a minimum at 4.00 to 5.00 a.m., rose steeply 
after this time, reaching a maximum flow at 10.00 to 11.00 
a.m., tailing off to a lower level at 4.00 p.m., rising 
slightly to the highest evening level at 9.00 p.m. and 
falling off as the night progressed. 
The velocity of flow has been shown to range from 
1.8 to 2.4 feet per second in gravity sewer mains depending 
on the elevation of area the main is draining. Pomeroy 
(1967) calculated that a velocity of 1.5 feet per second 
must be exceeded to prevent the sedimentation of particulate 
matter which could readily block concrete sewer mains. 
In the course of an investigation into the possibil-
ity of sulphide production in trunk sewers, Greenland (Pers. 
comnl. 1970) measured sewer temperatures. The temperature 
in trunk sewers was found to be related to ground and 
groundwater temperature and not that of the outside air. 
This is unlike the situation in domestic laterals in which 
the temperature follows that of the discharged effluent. 
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The temperature of the sewage varied during the year 
The air above the sewage in, the main 
follows the temperature of the effluent, being 1 0 Clower. 
Details of the seasonal range in temperature of 
effluent contained in trunk sewers are found in Table 4.5. 
Table 4.5 
Seasonal Fluctuations of Sewage Temperature 
Greenland (Pers. comm. 1970) 
Daily Maximum 
Temperature 
Daily Minimum 
Temperature 
Summer 
l"inter 
180 - 200 C 
120 _ 130 C 
14.50 _ 16.5°C 
10.5 0 _ 120 C 
Measurement made by Greenland (Pers.co~n. 1970) 
showed the sewage in mains to be highly anaerobic with 
oxidation-reduction potentials of slightly positive to 
-400 I-fillivoil:.ts being recorded with a Calomel electrode. 
High rates of infiltration of groundwater would considerably 
reduce the temperature and increase the oxygenation of the 
sewage. 
NUMBER OF PIPE-JOINT RINGS IN SEWER MAINS IN THE 
CHRISTCHURCH AREA 
Concrete sewer mains are jointed, on average, every 
six feet with natural rubber pipe-joint rings. Extra 
joints occur where manholes, flush tanks, rising mains and 
pumping stations are present in the disposal system. Sewer 
mains are situated beneath the roads at a greater depth 
than the sidelines. 
Estimates of the number of pipe-joint rings in sewer 
mains, laid by the Board from 1946 onwards, were made by 
Hunt (Pers.comm. 1970). The estimation from 1946 to 1959 
was less accurate as this was the period of transition 
between the use of mortar joints and rubber rings. 
The number of natural rubber pipe-joint rings laid 
between 1946 and 1970 was estimated as 283,772 in 341.75 
miles of sewer main. For every pipe-joint ring in a trunlt 
sewer there are an estimated ten in domestic sidelines. 
METHODS AND ~~TERIALS 
The same collecting procedure was adopted as used 
during the collection of pipe-joint rings from sidelines. 
RESULTS AND DISCUSSION 
A limited number of pipe-joint rings was obtained 
£rom sewer mains. All nineteen of the rings collected in 
the Christchurch area had been subjected to microbiological 
deterioration about the flow line. This suggests the 
deterioration of pipe-joint rings in concrete sewer mains 
may be more widespread than in ceramic sidelines in the 
Christchurch Drainage Board area. The pattern o£ micro-
biological deterioration was distinctive as the attack was 
limited to the rubber sur£ace, usually at the top of the 
flow line. As the flow of e£fluent is more continuous in 
sewer mains than in domestic laterals the deterioration was 
limited to a narrower section o£ the rubber surface. The 
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requirements of liquid water and oxygen discussed in the 
section on the microbial attack of rings from sidelines 
were again apparent. 
The presence of rubber deteriorating micro-organisms 
in sewer mains is more assured than in individual sidelines. 
The sewage is composed of the effluent of large numbers of 
households, airborne spores could enter through gully traps 
and sewer vents, the infiltration of groundwater and the 
practice of regularly flushing trunk sewer mains all 
contribute to the presence of potential rubber deteriorating 
organisms within sewer mains. 
The deterioration of the outside circumference of the 
rubber ring was a less freq~ent occurrence, probably because 
of the greater depth of the sewer mains. 
A description of the pipe-joint rings collected is 
found in Table 4.6 (see Appendix). 
The consequence of the failure of a pipe-joint ring 
due to microbiological deterioration would pose a grave 
public health menace, and repair work would be expensive. 
The leakage o£ raw sewage from a failed joint could lead 
to the contamination of groundwater and subsidence. Where 
the water table is high, infiltration of groundwater would 
overload the pumping stations. No instances of the 
failure of pipe-joint rings due to microbial attack have 
been reported in the Drainage Board area at this date. 
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MICROBIOLOGICAL DETERIORATION OF PIPE-JOINT RINGS FROM 
STORMWATER PIPES 
INTRODUCTION 
Stormwater mains drain surface water from roads and 
buildings into the Avon and Heathcote Rivers and Estuary. 
It was estimated by Hunt (Pers. comm. 1970) that 72,920 pipe-
joint rings are contained in 96.75 lniles of nine, twelve, and 
fifteen-inch diameter concrete stormwater mains in the 
Drainage Board area. 
METHODS AND MATERIALS 
The same collecting procedure was adopted as set out 
for sewer pipe-joint rings. 
RESULTS AND DISCUSSION 
Eight pipe-joint rings were collected from concrete 
stormwater mains, seven of which were deteriorated on the 
inside circumference in contact with the stormwater. Three 
rings were deteriorated on the surface outside the joint in 
contact with the soil. Deterioration was about the whole 
circumference, including the invert. 
Details of the pipe-joint rings collected are set out 
in Table 4.7 (see Appendix). 
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MICROBIOLOGICAL DETERIORATION OF NATURAL RUBBER PIPE-JOINT 
RINGS IN WATER I-fAINS 
INTRODUCTION 
The occurrence of the microbiological deterioration 
of natural rubber pipe-joint rings in underground pipelines 
conveying potable water WaS reported by Rook (1955) and 
Leeflang (1963). A limited number of such pipe-joint rings 
was obtained during this investigation. 
REVIE\v OF THE LITERATURE 
A survey of the microbiological deterioration of 
rubber pipe-joint rings in asbestos-cement water mains from 
35 Dutch waterworks companies in the period from March, 
1955, to November, 1957, was conducted by the Institution 
for the Testing of Waterworks Materials, the Netherlands 
(Anon, 1961). The total number of rings collected ,"as 651, 
of which 58.6% were deteriorated on the rubber surface in 
contact with the potable water, and 15% were deteriorated 
on the soil side. The number of years the pipe-joint rings 
had been in use ranged from two to t,,,enty-three years. 
The pUblication noted that the age of the pipe-joint rings 
was not a criterion for the degree of deterioration of the 
rings. \~len the deteriorated rubber was removed the 
majority of the pipe-joint rings was showing a loss of bulk 
less than 5% of the cross-sectional area. 
'-.,'. ".-.-' ...... , 
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The pipelines surveyed conveyed groundwater, dune 
water, surface water and a mixture of ground and surface 
water. Natural rubber pipe-joint rings contained Simplex 
asbestos-cement joints (described by Clarke, 1967) carrying 
dune water were considerably more prone to microbiological 
deterioration than the rings in similar pipelines carrying 
ground and surface water. 
The composition of dune water was described by Baars 
(1964), and is set out in Table 4.8. Dickenson (1965) 
suggested that this water was atypical, in that it had a low 
organic matter and high inorganic salt content compared with 
ground and surface water. This situation results from 
filtration of dune water by gravity percolation through 
sand. 
Table 4.8 
Analysis of Dune Water. After Baars 
Suspended matter 
Chlorides 
Nitrites 
Nitrates 
Ammonia 
Sulphate 
Bicarbonates 
Phosphate 
Ferric Iron 
Ferrous Iron 
Manganese divalent ion 
Hardness (as CaC03 ) 
E.coli counts per ml (as M.P.N.) 
a 
a 
E.E!!! 
absent 
125 
-
300 
nil 
trace to 
a trace 
120 
140 - 310 
trace to 
absent 
0.4 - 1.0 
0.2 
-
0.9 
300 - 400 
nil 
(1964) 
1.4 
0.1 
~ . 
I' '~'.' • ~ ':- ,', ~.",., '~'.' " 
54 
Pipe-joint rings from water mains carrying chlorin-
ated surface water were unattacked or showed limited signs 
of microbiological deterioration (Anon, 1961). 
The conclusion reached was that wherever natural 
rubber pipe-joint rings were exposed to a flow of unchlorin-
ated potable water microbiological deterioration may be 
expected. 
The publication of Leeflang (1963) prompted a number 
of reviews of the microbiological deterioration of natural 
rubber (Heap, 1965; Sphar, 1966; and Dicltenson, 1965, 
1968). 
Sphar (1966) sent questionnaires to the manufacturers 
of pipe-joint rings in the United States who reported that 
instances of microbiological deteriorationm.,ere unknown. 
He also cited a survey of the members of the American 
Concrete Pressure Pipe Association which recorded no deter-
ioration of rubber rings in concrete pressure pipelines 
carrying either unchlorinated or chlorinated potable water. 
The possible reluctance of conwercial companies to report 
instances of the failure of their products weakens the 
confidence in these types of survey. 
In an addendum, Sphar (1966) noted the occurrence of 
unspecified deterioration of the inside of rubber rings in 
domestic sewer laterals in the United States, and the 
prevalence of microbiological deterioration of pipe-joint 
rings in Australia and New Zealand. He suggested that the 
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latter contained reclaim rubber and were installed during 
the Second World War. 
In the defence of natural rubber as pipe-joint ring 
material, Dickenson (1965) pointed out that the response to 
the Natural Rubber Producers' Research Association worldwide 
request for pipe-joint rings showing signs of microbiological 
deterioration yielded a very limited number of deteriorated 
pipe-joint rings. This was also the experience of Kennett 
(1966) who attempted to investigate the extent of the micro-
biological deterioration of natural rubber pipe-joint rings 
in New· Zealand. Kennett requested local authorities to 
supply samples of deteriorated pipe-joint rings. The 
response was rather disappointing as only 36 rings were 
received from nine urban areas in New Zealand. Kennett 
reported 15% of the rings to have been badly deteriorated, 
38% slightly deteriorated and 47% showed no signs of micro-
bial attack. No details of the nature of the deterioration 
and the age and origin of the pipe-joint rings were given. 
The author concluded regular failure (sic) of pipe-joint 
rings would not be expected. 
Cf-ffirSTCHURCH ivATER SUPPLY 
The city of Christchurch is situated above an artesian 
basin. The aquifer is recharged by the drainage from the 
Southern Alps, which are mainly formed of greywacke, a hard 
siliceous material. The percolation across the Canterbury 
Plain leads to a low mineralization of the water. Silica 
and lime are the main mineral components. 
The characteristics of the Christchurch artesian water 
are its absence of ammoniacal nitrogen and organic matter, 
low total solids and temporary hardness, while the bacterio-
logical condition is so satisfactory as to make chlorination 
unnecessary. 
Typical analyses of Christchurch artesian water by 
Grigg (1941) are found in Table 4.9. 
Table 4.9 
Typical Analyses of the Christchurch Water Supply 
Smell 
Colour 
pH 
Chloride 
Sulphate 
Nitrite 
Nitrate 
Ammoniacal nitrogen 
Albuminoid nitrogen 
Oxygen absorbed 
In four hours at 800 F 
Sodium 
Potassium 
Calcium 
Bicarbonate 
Total solids 
Free carbon dioxide 
Iron 
Silicate (Si03 ) 
Nil 
Nil 
6.8 
.EE!!! 
10 
4 
Nil 
0.1 - 1.2 
0.002 
0.002 
0.02 
9 
3 
21 
65 
104 
low 
Nil 
21 
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The common feature shared by the Christchurch water 
supply and Dutch dune water is the absence of chlorine which 
is known to prevent the growth of Actinomycetes (1Vhite, 
1963). 
METHODS AND MATERIALS 
A limited number of pipe-joint rings from water mains 
was'passed on by local authorities during the course of the 
investigations. 
RESULTS AND DISCUSSION 
A total of 25 pipe-joint rings were obtained frolll 
pipelines conveying potable water, of which 15 rings were 
deteriorated about the inside circumference. None of the 
rings from cast-iron pipelines was deteriorated, whereas all 
other samples obtained from concrete or asbestos-cement 
pipelines were showing obvious signs of microbiological 
deterioration. 
A description of the deteriorated pipe-joint rings 
is set out in Table 4.10 (see Appendix). 
GENERAL DISCUSSION AND CONCLUSIONS 
A unique opportunity to investigate the microbiological 
deterioration of natural rubber pipe-joint rings was furnished 
by the co-operation of the staff of the Christchurch Drainage 
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Board and individual drainlayers in the Christchurch area. 
Pipe-joint rings were obtained from domestic laterals, sewer 
mains, stormwater mains and water mains. The comprehensive 
records of the Drainage Board enable the date of the 
installation of many of the rings to be determined. Micro-
biological deterioration of the vulcanized rubber was found 
in pipe-joint rings from all these types of pipelines. 
The pattern of deterioration appeared to be dictated 
by the physiological requirements of the rubber-deteriorating 
micro-organisms. The rubber surface immersed in sewage or 
exposed to the soil surrounding the pipe-joint below a 
certain depth was not deteriorated due probably to the absence 
of sufficient oxygen. 'vi thin the pipelines the rubber 
surface above the contents of the line was undeteriorated due 
to the absence of liquid water. 
The only other comprehensive survey of the microbio-
logical deterioration of natural rubber pipe-joint rings was 
conducted in the Netherlands in asbestos-cement pipelines 
conveying potable water. This present investigation is a 
significant contribution to the definition of the problem of 
the susceptibility of pipe-joint rings to microbial attack 
because the majority of the rings collected were from ceramic 
domestic sewer laterals. Furthermore, examples of deterior-
ated pipe-joint rings were obtained from both concrete and 
ceramic pipes containing sewage, stormwater and potable 
water. During the collection of pipe-joint rings it was 
recognized that microbiological deterioration of natural 
1····· 
I 
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rubber was not readily appreciated by those without first-
hand experience of the phenomenon. For this reason the 
occurrence of deterioration of pipe-joint rings may be more 
widespread throughout the world than is generally believed 
by rubber manufacturers and local authorities. 
Many of the pipe-joint rings subject to microbiologi-
cal deterioration complied with the New Zealand Standards 
Spe.cification. The prevalence of this typ'9 o:f deterioration 
as little as eight years after installation casts serious 
doubts on the suitability o:f some natural rubber :formulations 
:for pipe-joint rings. 
However, the superior physical properties of vulcan-
ized natural compared with synthetic rubber, especially that 
of resistance to compreSSion set, are well known. This 
leads to a reluctance to solve the problem o:f microbial 
attack by substituting the more potentially serious problem 
of failure of vulcanized synthetic rubber pipe-joint rings 
due to compression set. 
Current work on the microbiological deterioration of 
vulcanized natural rubber has elucidated the ih£luence of 
formulation on susceptibility to deterioration. (Chapter 8). 
It may be possible to incorporate this knowledge into the 
standard specification which, together with a reappraisal o:f 
the design of the pipe-joint, would e:ffectively solve the 
problem o:f the microbiological deterioration o:f natural 
rubber rings. 
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PART II 
EXPERIMENTAL 
CHAPTER 5 
ISOLATION AND CHARACTERIZATION OF MICRO-ORGANISMS 
CAPABLE OF DEGRADING VULCANIZED NATURAL RUBBER 
INTRODUCTION 
There is a number of reports on the microbiological 
deterioration of vulcanized rubber in the scientific 
literature, but a clear distinction must be made between the 
superficial growth of micro-organisms on the surface of 
vulcanized rubber and the consumption of the polymeric 
material. The group of organisms most frequently implicated 
in rubber deterioration is the Actinomycetes. These micro-
organisms may be isolated by elective cultural techniques, 
using natural rubber latex as the sole carbon and energy 
source. However, the ability of the isolates to deteriorate 
vulcanized natural rubber must be confirmed by pure culture 
experiments. 
IvlICRO-ORGANIS:tvIS THFLICATED IN TI-n~ DETERIOH.ATION OF RUBBER 
A wide range of micro-organisms has been implicated 
in the microbiological deterioration of natural and 
synthetic rubber. 
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These organisms, method of assessment of the deter-
ioration, type of rubber deteriorated and references to the 
original publications are listed in Tables 5.1 and 5.2. 
Actinomycetes 
A comprehensive treatise on the Actinomycetes has 
been written by Dr. Selman A. Waksman of Rutgers University 
(Waksman, 1959, 1961; and Waksman and Lechevalier, 1962). 
other excellent descriptions of the Actinomycetes are found 
in the literature (Alexander, 1959; Lechevalier, 1964; and 
Williams, Davies and Cross, 1968). 
Actinomycetes have a branched mycelium ll'hich may 
undergo fragmentation or may divide, giving rise to asexual 
spores Itnol'll1 as conidia. Individual hyphae are 0.5 to 1.2~ 
in diameter, and growth is in three dimensions. 
Actinomycetes are widely distributed in nature, being 
found in soil (Waksman and Curtis, 1918; Jensen, 1930; 
Vernon, 1958; Corke and Chase, 1964; Pataraya and Kuchaera, 
1967; and Gray, 1967); freshwater lakes (Umbriet and 
McCloy, 1940; Erikson, 19'-11; Silvey, Russell, Redden and 
McCormick, 1950; Potter and Baker, 1956; Silvey and Roach, 
1964); domestic water supplies (Silvey and Roach, 1953; 
and iiliite, 1962); rain'I'ater (Visser, 1964); marine sedi-
ments (Grein and Meyer, 1958); composts, hay and plant 
residues (Rybalkina and Kononenlto, 1959) ; in the digestive 
and respiratory tracts of animals (~vaks1l1an, 1959), and the 
potato scab (Gillespie, 1918). 
Table 5.1 Reports of the Microbiological Deterioration of Natural Rubber in the Literature 
!'iateria1 
Purified natural 
rubber 
Flantatio~ crepe 
Guayule latex 
~ latex 
Natural rubber 
Resistance 
Attacked 
Attacl;:ed 
,\ttacked 
Attacked 
Attach:ed 
Vulcanized natural Attacked 
rubber 
Purified natural ~ttacked 
rubber, vulcanized 
natural rubber, 
Crepe and smoked 
sheet. Chlorinated 
rubber Resistant 
Latex-lined fire Attacked 
hose 
Vulcanized natural Resistant 
rubber 
Pale crepe Attacked 
(uncompounded) 
Pale crepe Resistant 
(compounded) 
Purified natural All 
rubbp.r, vulcaniz'ed attacl{ed 
natural rubber, 
pale crepe, smoked 
sheet (compounded 
and uncompounded) 
Gutta-percha Resistant 
Vulcanised natural ~ttacked 
rubber milking 
inflations 
Assessment 
Growth of micro-organisms 
Loss of weight, viscosity 
and elasticity 
Loss of weight 
Loss of I"eight 
Loss of w'eight 
Oxygen consumption in a 
biochemical oxygen demand 
test 
Oxygen consumption in a 
biochemical oxygen 
demand test 
l-Iicro-organisms 
Actinomyces fuscus, ~.alba 
~. chromogens. Mycooacterium 
and Pseudomonas sp. 
Actinomyces sr. 
Four species of Actinomycetes' 
Actinomyces spp. 
Actinomyces, Aspergillus 
and Penicillium spp. 
Harine micro-orgallis:ns 
I\ctinomyccs, Proactinomyces 
Hicromonospora, Mycobacterium 
Aspergillus Penicillium, 
Pseudomonas and Bacillus spp. 
Deterioration and sulphuric Thiobacillus thiooxidans 
acid production 
Soil burial·test - Soil micro-organisms 
visual inspection 
Fla sk-wicl~, nutrient salt 
exposure, mould cabinet 
and soil burial tests 
Visual inspection, loss of 
insulation resistance and 
electro-deposition of 
copper 
Deterioration of surface 
,i.niger, Chaetomiurn sp. 
Metarrhizium sp. 
Tirchoderma 'Sp. and 
Penicillium sp. 
Soil fungi 
Spica~ia violacea 
l-letarrhizium anisopliae 
Fusarium sp. and 
Stemphylopsis sp. 
streptomyces sp. 
and Thiobacillus sp. 
Authors 
Sohngen and Fol (1914) 
de Vries (192P) 
Spence and NcCallum 
(1935) 
Spence and van Niel 
(1936) 
Kalinenko (1938) 
ZoBell and Grant (1943 
Zo13e11 and Deckwith 
(19411 ) 
Thaysen, Bunl(er and 
Adams (19'15) 
0"'\ 
tv 
Stief and Boyle (1947) 
Anon (19 119) 
Blake, Vitchon and 
~ratt (1949, 1950 and 
1955) 
Berridge (1951) 
,-, . 
. ; .' 
Table 5.1 (contd.) 
Naterial Resistance 
Vulcanized natural Attacked 
Vulcanized natural Attacked 
rubber 
Purified natural 
rubber 
Attacked 
Vulcanized natural Attacked 
rubber 
Vulcanized natural 
rubber, 50% 
natural rubber, 
synthetic rubber 
mixtures 
All 
attacked 
\(i th one 
exception 
Vulcanized natural Attacked 
rubber 
Natural rubber, Attacl;:ed 
latex and pale 
crepe 
Vulcanized natural 
rubber 
Vulcanized natural 
rubber 
Attacked 
to 
various 
degrees 
Attacked 
to 
various 
desrees 
Assessment Hicro-organisms 
Deterioration of surface and Streptomyces sp. 
clearing of l~tex agar 
plates 
Biochemi~:al oxygen demand 
tests 
Perforation of thin layers 
of rubber and loss of 
weight 
Biochemical oxygen demand 
tests and sulphide pro-
duction 
Enrichment from marine 
sediments 
Proactinomyces ~ 
and Actinomycessp. 
Enrichments from marine 
sediments 
Deterioration of the surface Inoculum of a deteriorated 
of strips in a water test natural rubber ring 
bath Streptomyces spp. 
Biochemical oxygen demand 
tests 
Deterioration of the 
rubber in soil 
Deterioration of the sur-
face of strips in a water 
test bath 
Deterioration of the sur-
face of strips in a '~ater 
test bath 
Enrichments from marine 
sediments 
A Streptomyces sp. 
and a fluorescent gram 
negative bacteria 
Unspecified 
Enrichments o:f Streptomyces 
sp. 
Authors 
Rook (1955) 
Snoke (1957) 
Netle, Pomortseva 
and Kozlova (1959) 
steinberg (1961) 
Leeflang (196:;) 
Coscarelli (196q) 
Taysuru (196(,) 
Hills (1967) 
Dickenson (1968) 
0"1 
VJ 
, ' 
" 
Table 5.2 Reports of the Microbiological Deterioration of Synthetic Rubber in the Literature. 
Naterial 
Nitrile 
(uncompounded and 
compounded) 
Nitrile 
Nitrile 
Dutyl 
(uncompounded Dn~ 
COPlpounrled) 
Dutyl 
Butyl 
Dutyl 
Silicone rubber 
Neoprene 
(uncompounded and 
compounded) 
Neoprene 
0:eoprene 
Resistance Assessment 
Attacked Germination and growth of 
fungal spores on the 
rubber surface 
At tac]{ed 
Resistant 
,\ttacked 
re-"istant 
"'1csist.:tnt 
l\ t tucKed 
Resistant 
Attacked 
Resistant 
Resistant 
Resistant 
Attacked 
Biochemical oxygen demand 
test 
':Tater test bath 
Germination and :rowth of 
fUngal spores 
Soil burial test - visual 
inspection, loss in 
insulation resistance 
Biochemical oxygen demand 
test and sulphide pro-
duction under anaerobic 
concH tions 
\Jater test bath 
Soil burinl test - number 
of micro-organisms 
Germination and growth of 
fungal spores on the 
rubber surface 
Soil burial test - visual 
inspection, loss in 
insulation resistance 
Soil burial test 
Soil burial test 
Nicro-organisms 
~.niger, Chaetomium sr. 
Netarrhizium sp., Tricho-
~ spo and Penicillium 
spo 
}!arine sediment enrichment 
Enrichmen t ",'i·th natural 
rubber deterioratin3 micro-
organisms 
:!..niger, Chaetomium sp. 
Metarrhizium sp., Tricho-
~ sp., and renicillium 
sp. 
Soil fungi 
I·:arine '~nrichm0nt cultures 
Enrichment ".-1 tIl natural 
rubber deterioratins micro-
organisms 
Streptomycetes 
.!.nir,er, Chaetomium'sp. 
MetarrhiziWli sp., Tricho-
~ sp. and Penicillium 
sp. 
Soil fUngi 
Soil micro-organisms 
Actinomycetes 
Authors 
Anon ( 1 9 11 ') ) 
ZoBell and Beckwith 
(1,)6 11), SnoJ.::e (1957) 
Steinberg (1961) 
Coscnrelli (196\) 
Leeflans (t963) 
Hills (1,)07) 
Anon (19'19) 
Dlake and ~itchen 
(19(19); Blake, 
Kitchen and Pratt 
(1950, 1955) 
0'\ 
,.j::-
ZoBell anrl Beckwith 
(19/1l~), Snoke (1957), 
Steinberg (1961), and 
Coscarelli (1964) 
Leeflang (19G3) 
!Tills (1967) 
Cal(ierol1 and Staffeldt 
(1965) 
Anon (194,) 
TIitzinger (1959) 
Petrujora and Zonova 
-(1961) 
Blake and Kitchen (194 
Blake, Kitc~en and 
Pratt (1950, 1955). 
Stief and Doyle (1947; 
1:ulman (1958) 
Table 5.2 (contd.) 
Material 
Neoprene 
Neoprene 
Neoprene 
Neoprene 
Styrene butadiene 
rubber 
Styrene butadiene 
(uncompounded) 
Resistant 
Attacked 
Resistant 
Resistant 
Attacked 
Resistant 
Resistant 
Vulcanized Styrene Attacked 
butadiene rubber 
Acetone extracted 
Styrene butadiene 
Resistant 
Styrene butadiene Attacked 
Styrene butadiene Attacked 
(compounded and 
uncompounded) 
Vulcanized Styrene Resistant 
butadiene rubber 
Assessment 
Biochemical oxygen demand 
\vater test bath 
'vater test bath 
Insulation resistance in a 
stressed and non-stressed 
condition in sterile and 
inoculated seawater 
Soil burial test 
Soil burial test - visual 
inspection, loss in 
insulation resistance 
Electro deposition of 
copper 
Biochemical oxygen demand 
Flask-wick, nutrient salt 
exposure, mould cabinet 
and soil burial tests 
\Vater test bath 
Visual inspection of the 
rubber surface 
Micro-organisms 
Common micro-organisms 
Actinomyces, Aspergillus 
Penicillium, Pseudomonas 
sp. etc. 
Harine sediment enrichments 
Enrichment with natural 
rubber deteriorating micro-
organisms 
Enrichment with rubber deter-
iorating organisms, soil, etc. 
Inocula from seabed sediment 
Soil micro-organisms 
Soil fungi 
5picaria molacca, etc. 
Marine sediment enrichments 
Asperigillus niger, 
Chaetomium sp. 
Metarrhizium sp., Tricho~ 
derma sp., .and a 
5temphYliopsis sp. 
Inoculation with a deterior-
ated natural rubber pipe-
Joint ring 
Authors 
ZoBell and Beck'''i th 
(1941",) 
Snoke (1957), Stein-
berg (19q1) and 
CO BC ~r::.e ;1.11.:J 1964 ) 
Leefla~~ (i9~3) 
Hills (1967) 
Muraoka. (1966) 0'\ 
\J1 
Stief and Boyle (19471 
Blake and Kitchen (19 1 
Blake, Kitchen and 
Pratt (1950) 
Blake, Kit~hen and 
Pratt (1955) 
ZoBell and Beckwith 
(1944); Snoke (1957 
Steinberg (1961), 
Coscarelli (1964) 
'Anon (1949) 
Leeflang (1963) 
<, , 
"".' 
Tab1e 502 (contd.) 
Ma,teri.a1 Resistance 
Mixtures with Resistant 
natura1 rubber with 
greater than 50% 
Styrene butadiene 
Vu1canized Styrene Resistant 
butadiene rubber 
Styrene butadiene Attacked 
rubber 
Assessment 
Water test bath - visua1 
inspection ot: .the rubber 
surt:ace 
Water test Bath 
Insu1ation resistance -
unstressed rubber 
Hicro-organisms 
Inoc~1ation with a deterior-
ated natura1 rubber pipe-
joint ring' 
Inocu1atedwith deteriorated 
pipe-joint rini, soi1, etc. 
Inocu1a !:rom seabed sediment 
Authors 
Leet:lang . (196:;) 
Hills (1967) 
~1uraoka (1966) 
0'\ 
0'\ 
The size of the population of Actinomycetes depends 
on soil type, organic matter, temperature, and pH of the 
environment (Jensen, 1943; and Vernon, 1999). The numbers 
range from 105 to 108 organisms per gram of dry soil in 
temperate zones. In comparison with bacteria, Actinomycetes 
are less common in wet than in dry areas. Some Actino-
Inycetes possess the ability to survive in extremely dry con-
dit~ons, suggesting that the conidia are highly resistant 
to desiccation (Johnstone, 1947). 
Actinomycetes proliferate more slowly than most fungi 
and bacteria; they are not effective competitors - not 
being prominent when the nutrient level is high and the 
pressure of competition great (Waksman, 1957). They have a 
heterotrophic mode of nutrition and have been particularly 
associated ,vi th the microbial breaJs:down of organic materials 
such as cellulose, lignin, chitin, petroleullI products and 
keratins (Waksman and Diehm, 1931; Reynolds, 1954; Noval 
and Nickerson, 1959; and Fuhs, 1961). 
The role of Actinomycetes in biodeterioration has 
been reviewed recently by Williams (1965). Host Actino-
mycetes are mesophiles with an optimum temperature range of 
about 25 - 30 0 C, but thermophilic species of Actinomycetes 
are found in compost (Erilcson and Webley, 1953). 
The characteristics used to classify Actinomycetes 
are the morphological, cultural and biochemical properties 
of the organisms (\vaksman, 1961). 
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The identification of genera of the Actinomycetes 
is on the basis of the nature and formation of the vegeta-
tive and aerial mycelium, manner of sporulation and nature 
and surface of the conidia (Lechevalier, 1968; Williams, 
Davies and Cross, 1968). The primary cultural character-
istics of pigmentation and the biochemical properties of the 
organisms, such as proteolytic activity, utilization of 
car~on compounds, reduction of nitrate, formation of hydrogen 
sulphide, all lead to the establishment of the species 
(Gordon and Smith, 1955; and Gottlieb, 1961). 
Classification of tval(sman and Henrici (1959). 
Order Actinomycetates 
A. Nycelium rudimentary or absent, no spores forl11ed. 
Family I. Mycobacteriaceae 
I. Acid-fast organisms 
Nycobacterium 
B. True mycelium produced, spores formed but not in 
sporangia. 
I. Vegetative mycelium fragmenting into bacillary or coccoid 
elements. 
Family II. Actinomycetaceae 
1. Anaerobic or microaerophilic, parasitic. 
Actinomyces 
2. Aerobic, partially acid-fast or non acid-fast. 
Nocardia 
II. Vegetative mycelium nons8ptat8, not fragmenting. 
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Family III Streptomycetaceae 
1. Aerial mycelium not produced, spores formed singly on 
short sporopholes 
a) Mesophilic forms 
Micromonospora 
b) Thermophilic forms 
Thermomonospora 
2. Aerial mycelium produced. 
a) Spores formed in chains 
Streptomyces 
b) Spores formed singly 
Thermoactinomyces 
c) Spores formed in pairs or in chains 
Mesophilic forms, in pairs 
\vah:smania 
Thermophilic forms, in pairs or in chains 
Thermopolyspora 
C. True mycelium, spores formed in sporangia. 
Family IV Actinoplanaceae 
I. Aerial mycelium usually not formed, coiled conidiophores 
lacking, sporangiospores motile. 
Actinoplanes 
II. Aerial mycelium abundant, coiled conidiophores as well as 
sporangia formed in some species, sporangiospores non-
motile. 
Streptosporangium 
The true Actinomycetes are thus sho"m to comprise ten 
genera. 
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Members of the genus Streptomyces are most frequent-
ly implicated with rubber deterioration. These organisms 
produce chains of conidia from an aerial hyphae. Most of 
the species of Streptomyces are capable of growing on 
synthetic media. The appearance of the colonies depends on 
the type of medium employed. The mycelia penetrates the 
agar; initially colonies are circular and where an aerial 
my~elium is produced the surface becomes floccose and, on 
the production of conidia, powdery. In some species drop-
lets of guttation water appear on the surface of the colony. 
Many species have a pronounced earthy odour, many produced 
pigments which sometimes diffuse into the medium. Green, 
yellow, orange, red, purple and dark brown pigments are 
conunon. 
Skerman (1959) stated that of the 150 species 
described in the literature, gelatin Was liquefied by 138, 
starch hydrolyzed by 119, sucrose inverted by 13 of 25, 
cellulose hydrolyzed by 24 of 51, litmus milk coagulated and 
peptonized by 119 of 138 species tested. Sugar fermenta-
tion was rarely recorded, and nitrite was produced from 
nitrate by 85 of 107 species tested. Streptomycetes usual-
ly grow in the form of a surface pellicle with no turbidity 
in liquid cultures. Highly oxidative and acid by-products 
do not appear in amounts sufficient to cause a change in the 
colour of an acid-base indicator. Three-quarters of the 
streptomycetes isolated produced antibiotics; the most 
famous being Streptomycin secreted by the organism 
streptomyces ~riseus. 
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ISOLATION OF RUBBER-DETERIORATING MICRO-ORGANISNS 
INTRODUCTION 
There are two possible approaches to the isolation of 
a m~cro-organ~sm responsible for the deterioration of an 
organic mater~al such as vulcanized natural rubber. The 
organisms most frequently isolated from the deteriorated 
ruober, using a non-specific medium such as nutrient agar, 
may be assumed to be the biodeteriogen. Alternatively, 
an elective cultural technique, using natural rubber latex 
as the sole carbon and energy source, will lead to the 
isolation of micro-organisms capable of degrading that 
material. 
REVIEW' OF LITERATURE 
Sohngen and Fol (1914) isolated two species of 
Actinomycetes, Actinomyces elastica and Actinomyces fuscus 
which were capable of utilizing purified natural rubber as 
a sale source of carbon. 
Four strains of Actinomycetes were isolated by Spence 
and van Niel (1936) on natural rubber latex agar plates. 
These organisms showed clear zones around the colonies when 
grown 011 the latex agar medium. The preparation of the 
medium was outlined and this method was adopted by later 
l~orl<::ers • 
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Kalinenko (1938), using the techniques of' Spence and 
van Niel (1936) isolated streptomyces coelicolor, 
.§.. aurantiacus and .§.. longisporus ruber and a number of 
fungi including Aspergillus grisae and a Penicillium sp. 
He claimed that all these isolates could consume large 
quantities of rubber in the form of diluted latex. 
Several strains of Streptomyces sp. were isolated by 
Rook (1955) from deteriorated natural rubber rings used to 
joint asbestos-cement pipe used in water distribution, on 
latex agar plates. He stressed that the demonstration that 
a micro-organism can consume latex does not necessarily 
imply that it , .. ill be able to attaclc vulcanized rubber. 
In order to establish the ability of a micro-organism to 
degrade the rubber hydrocarbon of vulcanized rubber this 
must be demonstrated in pure culture experiments (see 
Chapter 6). 
Two strains of Streptomyces sp. were isolated by 
inoculating glucose peptone agar plates with deteriorated 
rubber. Leeflang (1963) maintained that these Strepto-
mycetes , .. ere solely responsible for rubber deterioration as 
he could not isolate any other micro-organisms from the 
interior of deteriorated natural rubber rings in sufficient 
number to suggest their being implicated in the breakdown. 
He found the preparation of latex agar too laborious to be 
used routinely for the isolation of rubber deteriorating 
micro-organisms. 
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METHODS AND :t-'lATERIALS 
Potential rubber deteriorating micro-organisms were 
isolated on natural rubber latex, using the elective 
cultural technique of Spence and van Niel (1936). 
Natural rubber latex was obtained from Skellerup Foam 
(New Zealand) Ltd., Christchurch. The latex was imported 
from Malaysia where it was concentrated to 60% rubber by 
centrifugation, and preserved with ammonia to prevent 
microbial contamination and coagulation. 
50 ml of the latex were diluted with 0.06 M phosphate 
buffer to 100 ml and dialysed in the same buffer. Frequent 
changes of the dialysing buffer were made, especially at the 
beginning of the dialysis procedure, until no ammonia ''las 
detected by Nessler's reagent. The latex was transferred to 
a 100 ml bottle, and sterilized for 15 minutes at 121 0 C. 
10 ml of sterilized latex were added to 500 ml of a sterile 
basal mineral salts agar medium (0.05% K2HP0 4 , 0.05% KH2P04 , 
0.02% MgS04-7H20 and 0.1% KN03 and 2% washed agar). 
'rhe pour pIa te technique was employed; 10 ml of latex 
agar were poured into sterile petri dishes, inoculated from 
various sources and incubated at 22 0 C for 14 days_ Micro-
organisms able to utilize the latex cleared the opaque latex 
agar. Subcultures of these colonies were made on latex agar 
slants. 
- - .. - .. 
-"-',:' '-._.- ... _--_ .. -, 
. - . -. - . ," ,-.. -.', -, - ,-, :-:~: . 
The following were used as sources of inocula : 
1) Soil surrounding pipe joints in ceramic domestic 
sewer laterals. 
2) The residue from the collar of pipe joints in 
ceramic domestic sewer laterals. 
3) The surface of deteriorated pipe-joint rings '''as 
washed with absolute alcohol, flamed and inocula obtained 
from within the layer of deteriorated natural rubber. 
4) Strips of vulcanized rubber suspended in the 
Leeflang test bath (see Chapter 7). 
RESULTS AND DISCUSSION 
Five latex clearing micro-organisms routinely 
appeared on the inoculated latex agar plates. These organ-
isms were identified as kctinomycetes. The pigmented 
powdery appearance of the circular colonies and the presence 
of aerial mycelia, consisting of chains of conidia formed 
on terminal hyphae, suggested the organisms belonged to the 
Genera Streptomyces. 
The clear zone around the rubber degrading colonies 
on a latex agar plate is illustrated in Figure 5.1. 
Bromocresol purple (0.05%) was included in the latex 
agar and the lack of colour change during the growth of 
rubber deteriorating micro-organisms indicated that the 
opaque latex agar was cleared by the metabolic activities 
of the organisms and not acid coagulation of the natural 
rubber. 
Figure 5.1 The clear zones around the rubb er deteriorating 
colonies of the grey Streptomyces sp. on a 
natural rubber latex agar plate. 
Fig. 5.1 The clear zones around the rubber deteriorating 
colonies of the grey StreptosYces sp. on a natural 
rubber latex agar plate. 
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The soil surrounding, and residue from within, the 
collars of pipe joints in ceramic domestic sewer laterals 
were excellent sources of inocula for the elective culture 
of rubber deterioratihg micro-organisms. Organisms were 
isolated with difficulty from deteriorated pipe-joint rings 
and strips of rubber suspended in the Leeflang test bath. 
Paradoxically, natural rubber deteriorating micro-organisms 
were more readily isolated from the surface of the syn-
thetic rubber. Although the synthetic rubbers were immune 
to microbiological deterioration, organisms colonize the 
rubber surface without penetrating the polymeric material -
hence are more readily isolated (see Stereoscan micro-
photographs, Chapter 13). 
CHARACTERIZATION OF RUBBER DETERIORATING MICRO-ORGANISMS 
INTRODUCTION 
No attempts were made to enter the morass of taxonomic 
intricacies of the Actinomycetes. A simple morphological 
description and results of a number of biochemical tests are 
presented to characterize the rubber deteriorating micro-
organisms. 
Gottlieb (1961) suggested that morphology, colour, the 
hydrogen sulphide test, tyrosinase test, milk coagulation, 
hemolysis, proteolysis, nitrate reduction and carbon and 
nitrogen utilization were useful criteria for characterizing 
streptomycetes. 
NETHODS AND HATERIALS 
The following experimental procedures cited by 
Harrigan and McCance (1966) were adopted to characterize the 
rubber deteriorating micro-organisms. 
Fermentation of sugar 
To a basal medium of peptone water lvas added 1% 
glucose and 0.0025% bromcresol purple. 5 ml of the medium, 
together with a Durham tube to detect gas production, 'vere 
placed in a test tube, sterilized, and inoculated with the 
test micro-organism. Duplicate tubes were incubated at 
o 22 C for one week. 
Starch hydrolysis 
The isolates were inoculated on to nutrient agar 
plates containing 1% starch. After one week incubation at 
220 C the plates were flooded with Gram's Iodine Solution. 
Unhydrolyzed starch formed a blue colour 1vi th iodine, hence 
hydrolyzed starch appeared as a clear zone around the 
colonies. This is the result of bota amylase activity. 
Gelatin hydrolysis 
The test organisms were streaked once across a nutrient 
agar plate containing 0.5% gelatin. After incubation for 
seven days the plates were flooded with acidified mercuric 
chloride solution. Unhydrolyzed gelatin :forms an opaque 
precipitate lrllile hydrolyzed gelatin appears as a clear zone 
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around the edge o£ the colonies (Smith, Gordon and Clark, 
1952). 
Nitrate reduction 
The isolates were inoculated into a tube containing 
sterile nutrient broth with 0.1% analytic grade potassium 
nitrate. o A£ter incubation £or seven days at 22 C, a drop 
o£ the liquid medium was placed into a groove on a spot 
plate. One drop o£ sulphanilic acid reagent and dimethyl 
alpha naphthylamine reagent was added to the medium. A red 
coloration indicates a positive test. A negative result 
was con£irmed by the addition o£ 5 mg o£ zinc dust to the 
tube ,\"hich ''las gently heated to reduce the nitrate to 
nitrite. The reacted solution then gave a positive test 
£or nitrite. 
Hydrogen sulphide production 
A basal medium o£ peptone water containing 0.01% 
cysteine was inoculated with the test organisms. A lead 
acetate impregnated strip o£ £ilter paper was suspended 
within the sterile tube. 1£ no blackening occurred during 
incubation, dilute hydrochloric acid was added to the medium 
to liberate sulphides in solution as hydrogen sulphide. 
Catalase Test 
E££ervescence, caused by the liberation o£ £ree oxygen 
as gas bubbles, indicates the presence of catalase lilien 1 ml 
of hydrogen peroxide was poured over the surface o£ an agar 
culture of the isolates. 
78 
Oxidase Test 
A 1% aqueous solution of tetramethyl p-Phenylene 
diamine hydrochloride was poured over the colonies growing 
on the agar in a petri dish. Oxidase positive colonies 
develop a purple colonation within 5-10 seconds. 
Ammonia production from arginine 
The test organisms were looped into peptone water 
containing 0.1% arginine. The presence of ammonia after 
inoculation for a week at 220 C was detected by testing a 
drop of liquid medium with Nessler's reagent on a spot plate. 
Optimal temperatures 
Rubber deteriorating micro-organisms were inoculated 
on to latex agar plates which were incubated at 8P, 220 , 320 
and 540 C for a week and the extent of the microbial growth 
estimated by measuring the clearing of the latex around the 
colonies. 
Anaerobiosis 
Latex agar plates inoculated with the test organisms 
were incubated at 22 0 C in an atmosphere of nitrogen in an 
anaerobic jar. The extent of the microbial growth was 
compared with controls incubated in a 22 0 C inCUbator. 
Morphological features 
The morphological features of the isolates were deter-
mined by examining Gram's stained mycelia grown in liquid 
culture. The presence of an aerial hyphae and the mode of 
sporulation were noted. 
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Cultural characteristics 
The cultural characteristics of the isolates were 
established by growing the organisms on nutrient agar, 
glycerol-asparagine agar, glucose-asparagine agar, potato 
dextrose agar, squalene agar, and tapwater agar. The colour 
of the aerial and substrate mycelia, and diffusable pigments 
was noted. 
Details of the different media are given in the 
treatise of Waksman (1961). 
RESULTS AND DISCUSSION 
The following micro-organisms with the ability to 
clear latex agar plates were characterized. 
Isolate I 
A grey-white pigmented Actinomycete with a tendency 
to produce a concentric zonation of an aerial mycelium on 
latex agar plates. 
Morphology: Chains of conidia borne on terminal hyphae of 
the aerial mycelium suggest this organism ''las a member of the 
genus Streptomyces. Sporophore straight, spores almost 
spherical and surface smooth, spores 0.8~in diameter and 
mycelia 0.8 - 1.0 r. 
Cu~tural characteristics 
Nutrient agar : Grey-white aerial mycelium, yello,., substrate 
mycelium; nOl1-diffusable pigment. 
Glycerol-asparagine agar: as above. 
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Glucose-asparagine agar: No growth. 
Potato dextrose agar: No growth. 
Squalene agar: No growth. 
Tapwater agar: No growth. 
Peptone broth: W'hite surface pellicle. 
Biochemical tests 
Starch: Hydrolysis of starch. 
Gelatin: Negative. 
Nitrate reduction: Positive 
Arginine Broth: A1IDl1onia production. 
Catalase Test: Positive. 
Oxidase Test; Positive. 
Optimum temperature: 
Anaerobosis: aerobic. 
Source: Soil about and residue within pipe-joints in 
ceramic sewer laterals and strips of vulcanized rubber from 
the Leeflang test bath. 
This organism had the ability to deteriorate vulcanized 
natural rubber in pure culture (Chapter 6). Although it 
rapidly degraded natural rubber latex in a solid agar medium, 
the degradation of latex in liquid medium 'vas slow'. 
Isolate II 
A yellow pigmented Actinomycete on latex agar plates. 
M~rphology: Chains of conidia borne on terminal hyphae of 
the aerial mycelium SUg:Z;Bst that this organism '-las a member 
of the genus Streptomyces. 
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Cultural characteristics 
Nutrient agar: Yellow punciform colonies 
Glucose-asparagine agar: No growth. 
Glycerol-asparagine agar: Buff colonies. 
Potato dextrose agar: Orange colonies. 
Squalene agar: Orange colonies. 
Tapwater agar: Scant ,-;hite colonies. 
Pep~one broth: Yellow surface pellicle. 
Biochemical characteristics 
Starch hydrolysis: positive 
Gelatin hydrolysis: slightly positive 
Arginine broth: ammonia production 
Nitrate reduction: positive 
Hydrogen sulphide production: positive 
Catalase test: positive 
Oxidase test: positive 
Optimum temperature: 
Anaerobosis: aerobic. 
Source: Contaminant of a natural rubber latex mineral salt 
solutioh. 
Isolate III 
A blue pigmented Actinomycete gro'~ on latex agar. 
:rJIhrphology: 
'" 
Chains of conidia borne on terminal hyphae of 
the aerial mycelium, sphorophores straight, spores almost 
spherical. 
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Cultural characteristics 
Powdery blue colonies, clearing opaque latex agar plates. 
No growth on other media. 
Biochemical characteristics 
Starch hydrolysis, gelatin hydrolysis, growth arginine broth, 
hydrogen sulphide production impossible to test in the 
absence of growth of organisms on media and liquid culture. 
Nitrate reduction: negative (Chapter 6). 
Oxidase test: positive 
Catalase test: positive 
Optimum temperature, and anaerobosis not determined. 
Source: Soil about and residue within pipe-joints in 
domestic sewer laterals. 
Isolate IV 
A pink pigmented Actinomycete gro~qn on latex agar. 
Morphology: Chains of conidia borne on terminal hyphae of 
the aerial mycelium, sphorophores straight, spores spherical. 
Cultural characteristics 
Powdery pink colonies, tendency to be star-shaped, clearing 
opaque latex agar plates. No growth on other media. 
Biochemical characteristics 
Remarkable lack of biochemical activity. 
ture and anaerobosis not determined. 
Optimum tempera-
Source: Soil about and residue ~vi thin pipe-joints in 
domestic sewer laterals. 
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The grey-white pigmented (Isolate I) and yellow-
pigmented Actinomycetes (Isolate II) have a more general mode 
of nutrition than the pink and blue pigmented Actinomycetes 
(Isolates III and IV). Furthermore, the latter were con-
siderably slower growing on latex agar plates. 
All the rubber deteriorating micro-organisms isolated 
by elective culture appeared to be Streptomycetes. This 
fin~ing is in line with the reports in the literature. 
However, the use of natural rubber latex in a solid medium 
would tend to favour the growth of these organisms whereas 
Pseudomonas sp. which are frequently implicated in the 
degradation of hydrocarbons would possibly be more readily 
isolated in liquid culture. 
84 
CHAPTER 6 
MICROBIOLOGICAL DETERIORATION OF VULCANIZED RUBBER 
EXPERIMENTS HITH PURE CULTURES OF MICRO-ORGANISMS 
INTRODUCTION 
Pure culture experiments are necessary to establish 
that a micro-organisms isolated from a deteriorated material 
is responsible for the condition of that material. Rook 
(1955) stressed that definite proof that a micro-organism can 
attack vulcanized rubber is the visible disintegration or 
pitting of the vulcanizate in a pure culture of that micro-
organism. The cause and effect relationship between the 
organism and the deteriorated material is reproduced under 
controlled laboratory conditions by the application of 
Koch's principles. It was suggested by Hueck (1968) that 
whether the appearance of a material is rendered unsightly 
by the casual growth of the micro-organism, the functioning 
of the material impaired by its presence or that the material 
is actually degraded as a carbon and energy source by the 
micro-organism can be determined by pure culture experiments. 
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The usual technique is to inoculate the potential 
deteriorating micro-organism on to the material as the sole 
carbon source in a sterile mineral salts solution and assess 
the results of the growth of the organism. This method has 
a number of obvious disadvantages. The controlled condi-
tions used in this type of experiment often have little or 
110 resemblance to the environmental conditions where the 
mat~rial is known to be deteriorated. Growth factors and 
additional nutrients such as a nitrogen source may be absent 
or limiting in the medium. Metabolic products resulting 
from the grow"th of the micro-organism may accumulate, 
inhibiting the continued growth of the organism. Compounds 
with microbiocidal activity present in the material cannot 
be lost to the surrounding environment while the inter-. 
actions of different micro-organisms associated with the 
succession of organisms on the deteriorated material in the 
natural conditions are absent. In addition, a pure culture 
experiment designed to implicate a potential deteriorating 
micro-organism has an inherent bias favouring the physio-
logically most versatile organism. 
RBVIEli OF LITERATURE 
Few attempts have been made to demonstrate the ability 
of micro-organisms to deteriorate vulcanized rubber in pure 
culture. ZoBell and Beclnd th (194JI:) claim that a large 
number of micro-organisms including species of Actinomyces, 
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Proactinomyces, ~1icromonospora, Mycobacterium, Pseudomonas, 
Bacillus, Aspergillus and Penicillium degrade the rubber 
hydrocarbon in pure culture. The rates of oxygen depletion 
in Biochemical Oxygen Demand Tests were cited as evidence 
for the attack of natural rubber, neoprene, butyl, styrene 
butadiene and nitrile vulcanizates. No details of the 
formulation of the vUlcanizates and the cultures used in 
the~e experiments were given. The universality of the 
reported attack of natural and synthetic rubber by individ-
ual species of common micro-organisms is suspicious. The 
authors claim that the rate of deterioration is proportional 
to the surface area of the rubber sample. To standardize 
this test sufficient bulk of rubber was cut as small pieces 
to give a surface area of 15 sq.cm. The rubber samples 
weighed from 250 to 300 mg. The oxygen depletion after ten 
days' incubation in a 150 ml ground glass-stoppered bottle 
containing a mineral solution was the criterion of micro-
biological deterioration. As the con~ounding ingredients 
other than the polymer would be a more than sufficient 
nutrient source for the inoculum to grow depleting the lintit-
ed oxygen that ''las available in the bottle, grave doubts can 
be cast on the validity of this experiment and the authors' 
conclusions. 
Rook (1955) demonstrated the ability of two 
streptomyces sp. to deteriorate vulcanized natural rubber 
in pure culture. The organisms isolated on natural rubber 
latex agar plates were inoculated on to thin strips of 
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rubber of the same composition as the pipe-joint rings found 
to be deteriorated in Dutch water mains. The strips had 
been mounted on glass spanners and placed in flasks so as to 
be partially i~nersed by a mineral salts solution. The 
assembly waS plugged and sterilized for 15 minutes at 115 0 c. 
Duplicate flasks were inoculated with one of the Streptomyces 
sp. while a third served as an uninoculated control. Perfora-
tion of the rubber strips and the mycelium of Streptomycete 
growing about the hole was evidence of the ability to attack 
the vulcanizate. 
The ability of a number of streptomycetes isolated from 
deteriorated pipe-joint rings to attack vulcanized rubber in 
pure culture was tested by Ir. K.W.H. Leeflang (Anon, 1961). 
The procedure he adopted WaS essentially that described by 
Rook (1955). In half of the experiments a piece of 
asbestos-cement was included to determine whether the con-
struction of water mains in this material accelerated the 
deterioration of pipe-joint rings. After a three-year test 
period he concluded that all the isolates examined were able 
to attack vulcanized natural rubber in pure culture. The 
presence of the asbestos-cement seemed to have an undefined 
deterioration promoting effect but the attack was not changed 
by pH's in the range of 6.1 to 7.9. Vulcanizates containing 
chemicals of l-.:nown microbiocidal activity such as tetramethyl 
1 thiuram disulphide and 2,2 methylene bis (4 chlorophenol) 
were not deteriorated. This was probably due to the 
persistence of the microbiocide in the cultural fluid. 
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}IETHODS AND MATERIALS 
Pure culture experiments 
The experimental procedure adopted was similar to that 
used by Rook (1955). 
Strips of vulcanized rubber 2.5" x 0.5" were cut from 
tensile sheets approximately 0.07" thick. A hole was 
punched at each end, and the rubber was mounted on glass 
spanners. The mounted strips were placed in 100 ml conical 
flasks and partially imnersed in 30 ml of a mineral salts 
solution. 
The flasks were plugged with non-
absorbent cotton '''001, capped \vi th aluminium fo'il and 
sterilized for 15 minutes at 115 0 C. 
Nitrate was chosen as the nitrogen source as it is 
generally utilized by Actinomycetes. The conversion of 
nitrate to nitrite and ammonium ions tends to rise the pH 
of the medium maintaining the alkaline reaction of the 
cultural medium, a condition Waksman (1920) believes favour-
ed the growth of Actinomycetes. 
The flasks were inoculated by looping from sub-
cultures of potential rubber deteriorating micro-organisms 
isolated from natural rubber latex enrichment cultures. 
A brief description of the organisms is contained in 
Table 6.1. 
The inoculated flasks were incubated on a rotary 
shaking device modified from the apparatus described by 
Nulcock and Abley (1957) in a constant temperature room 
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maintained at 24 + 10 c. The flasks were topped up with 
sterile distilled water at intervals to replace the water 
lost from the medium by evaporation. 
Table 6.1 
A brief description of the latex agar isolates used 
in the pure culture experiments. 
Designate 
Grey-circular sporulating 
colony 
Pink colony 
lfuite pigment secreting 
colony 
Blue colony 
lfuite colony 
Description 
A streptomyces sp. with the 
ability to actively clear opaque 
natural rubber latex agar. 
A Streptomyces sp. with the 
ability to clear opaque natural 
rubber latex agar. 
A Streptomyces sp. secreting a 
brown pigment with the ability 
to clear opaque natural rubber 
latex agar. 
A streptomyces sp. with the 
ability to clear opaque natural 
rubber latex agar. 
A Streptomyces sp. with abil.i ty 
to grow on the natural rubber 
latex agar without clearing the 
opaqueness. 
Description of the vulcanizates tested 
The effect of four different accelerating systems on 
the ability of the deteriorating micro-organisms to utilize 
vulcanized natural rubber and the susceptibility of synthetic 
rubber were tested in the pure culture experiments. 
(Natural rubber vul.canizates, Table 6.2, Appendix; synthetic 
rubber vulcanizates, Table 7.1, Appendix). 
After an incubation period of two years, the experi-
ment was stopped. The amount of surface growth of the 
.-_.,:,',-.-,'--.--" 
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micro-organism was estimated visually, the pH and surface 
tension of the cultural medium measured and loss of weight 
of the vulcanized rubbers determined. 
Measurement of loss in weight of vulcanizates 
To determine the loss in weight of the vulcanizates 
due to the degradative activities of the inocula, it was 
necessary to remove the micro-organisms from the surface and 
all the absorbed water from the vulcanized rubber. 
The microbial growth was removed from the rubber 
surface with a wet, soft bottle brush. Drying to constant 
","eight in a vacuum drying oven at 45 0 C, vacuum minus 
760 mm/Hg (Thermostat Vacuum oven; To"wnson and Mercer Ltd., 
England) removed the absorbed water. The length of time 
required to extract the water from the polymeric material was 
determined by finding the percentage change in weight of the 
strips of vulcanized rubber after 0, 8, 16 and 24 hours' 
drying under vacuum at 45 0 C. The results are represented 
in Table 6.3. T'venty-four hours 'vere required to remove 
the bulk of the absorbed water from the vulcanizates, and 
this period was used routinely in the loss in weight deter-
minations. 
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Table 6.3 
The rate of water absorption of uninoculated vulcanizates 
after two years in a shake flask in a vacuum drying oven 
maintained at 45 0 C, vacuum minus 760 llnn/Hg 
% Change in Height 
Vulcanizate 0 8 16 24 hours 
MBTS-sulphur 
natural rubber 3.9 1.4 0.8 0.4 
MBTS-high sulphur 
natural rubber 3.0 0.4 0.2 0.2 
TMTD-natural rubber 6.3 2.8 1.4 0.9 
Peroxide cured 
natural rubber 9.3 2.9 1.2 0.0 
Butyl 1.7 0.8 0.7 0.6 
Polybutadiene 1.5 -0.3 -0.3 -0.3 
Nitrile 2.6 0.3 -0.3 -0.6 
Neoprene 16.3 5.'-1: 3.9 2.4 
Styrene butadiene 3.8 1.1 0.5 0.2 
The qualitative determination of nitrogen in the 
culture medium 
The determination of the presence of nitrite-nitrogen 
and ammonia-nitrogen in the culture medium was achieved by 
the methods described in Harrigan and McCance (1966). 
A drop of cultural fluid was transferred to a 
spotting tile and equal amounts of sulphonilic acid and 
alpha naphthylamine reagents added. The presence of 
nitrite was indicated by the development of an intense red 
coloration within a few minutes of the addition of the 
Griess-Ilosvay's reagent. Nessler's reagent was used for 
the spot test for the presence of ammonia. An orange to 
brown coloration indicates the presence of ammonia. 
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Measurement of the pH of the cultural fluid 
The change in pH of the cultural fluid should reflect 
the degree of utilization of the nitrogen source and hence 
an indirect indication of the extent of the deterioration of 
the vulcanized rubber. Sustained growth of the rubber 
deteriorating micro-organism would deplete the nitrate, 
leaving an excess of sodium ion, while the lysis of substrate 
mycelium of the organism should lead to the appearance of the 
ammonium ion in the cultural fluid. 
The changes in the nitrogen components of the medium 
during the growth of Streptomyces venezuelae was investigated 
by Gottlieb and Legator (1953) who found the nitrate content 
of the medium dropped significantly with growth of the 
organism. A gradual rise in the awnonia content in the 
cultural fluid followed the increase in pH. 
The pH of the mineral salts medium of the pure culture 
experiments was measured, using a pH meter (pH meter 23, 
Radiometer Copenhagen N., Denmark). 
Measurement of the surface tension of the cultural 
fluid 
The secretion of surface active agents by micro-
organisms associated with the degradation of water insoluble 
or particulate substrates has been reported in the literature. 
The measurement of surface tension of the cultural fluids of 
rubber deteriorating micro-organisms was made to find whether 
the liberation of surface active agents occurred during the 
rubber degradation. 
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REVIE\~ OF LITERATURE 
Jones and Starkey (1961) demonstrated that cultures of 
Thiobacillus thioo,xidans produce a surface active agent which 
allows for the wetting of the sulphur surface, making it more 
readily attacked by the bacterium. The major component of 
this wetting agent was identified as phosphotidyl inositol 
by Schaeffer and Umbreit (1962). 
The release of oil from reservoir rock surfaces by 
bacteria was claimed to be assisted by a surface active agent. 
La Riviere (1955) found that eight micro-organisms grown in 
synthetic media free from surface active nutrient showed a 
marked decrease in surface tension on prolonged incubation. 
14 - 34 dynes/cm reduction in surface tension was noted 
during a seven-day incubation period. Bacillus subtilis 
produced the most pronounced change in surface tension in its 
cultural fluid. The surface active agents were not identi-
fied and the autolysis of cells probably contributed to the 
decrease in surface tension. 
In an investigation of the inability of a strain of 
Mycobacterium rhodochrous to initiate growth on n-decane in 
a mineral salts medium unless a large inocula were used, 
Holdom and Turner (1969) found a growth factor and a hydro-
carbon emulsifying factor. A 1% (W/V) addition of cell 
extract to water reduced the original surface tension by 40%. 
Using a scheme of Taylor (1967), the surface active agent 
was denoted nonionic. 
METHOD 
The determination of the surface tension of the 
cultural fluid from the pure culture experiments was made 
by measuring the rise of fluid in a capillary fixed 
vertically with its lower end in a 10 ml measuring cylinder 
of cultural fluid. The uniformity of the bore was 
verified by running a thread of mercury along the capillary 
anq observing that its length remained constant. The 
diameter of the bore was calculated from the weight of a 
known length of mercury. The height of the meniscus above 
the surface of the fluid was measured at 25 0 C. 
This information was sufficient to calculate the 
surface tension of the cultural fluid in dynes/cm. 
RESULTS AND DISCUSSION 
Synthetic rubber was not attacked by the micro-
organisms isolated on natural rubber latex agar plates, 
while the peroxide cured natural rUbber vulcanizate was the 
only natural rubber consistently subject to microbiological 
deterioration in the pure culture experiments. The 
cultural fluid immersing the deteriorated rubber had an 
elevated pH and reduction in surface tension. 
Appearance of the vulcanized rubber samples 
The peroxide cured natural rubber and polybutadiene 
vulcanizates w"ere the only rubber samples which consistently 
had the inoculum growing on their surface. The area below 
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the liquid was covered with a vegetative mycelium while an 
aerial mycelium, bearing prolific numbers of conidia shed 
from terminal hyphae, was confined to the area of the rubber 
surface immediately above the cultural fluid. In the case 
of the natural rubber, polymeric material beneath the 
microbial growth was disintegrating. Little or no growth 
occurred in the cultural fluid. After cleaning away the 
micro-organism and removing the absorbed water, the loss in 
bulk of the rubber was apparent. Over the deteriorated area 
the loss of rubber was remarkably uniform with the deteriora-
tion ceasing abruptly at the liquid-air interface. The 
deteriorated rubber surface was hard and had lost all its 
rubber-like properties. 
Cultures were occasionally contaminated by fungal 
growth which always occurred on the rubber surface high above 
the cultural fluid. The water content of the rubber in this 
region and the high humidity within the flask presumably 
favoured fungal growth. These contaminants were unspecific 
in their growth on vulcanized rubber as they were found on 
natural and synthetic rubber alike. 
The appearance of vulcanized natural rubber deterior-
ated in pure cultural experiments is similar to the surface 
of deteriorated pipe-joint rings (Chapter 4). The surface 
was eroded and cracked as are deteriorated rings, but no 
surface sporulation is apparent on freshly collected pipe-
joint rings. Possibly a major factor causing differences in 
appearance between rubber deteriorated in pure culture experi-
ments and pipe-joint rings is mechanical stress. The 
suggestion that microbiological deterioration occurs most 
markedly in areas of greatest stress was explained by Teitell 
(Pers. comm. 1970) who pointed out that deterioration is 
most noticeable in areas of stress as the weakened rubber is 
pulled apart. 
Loss in weight of vulcanized rubber in pure culture 
experiments 
'fuen the vulcanized rubber was obviously deteriorated 
this was reflected in the marked loss in weight of the 
rubber. Two of the five natural rubber latex agar isolates 
failed to deteriorate natural rubber vulcanizates in pure 
culture using loss in weight after two years' incubation as 
the criterion for microbiological deterioration. 
The grey circular sporulating, white pigment secreting 
and pink latex clearing colonies demonstrated their ability 
to attack natural rubber vulcanizates in pure culture. 
Loss in weight of the vulcanizates dramatically 
demonstrates that vulcanized rubber is subject to micro-
biological degradation in pure cultures. The difficulty in 
removing absorbed water from the rubber to return to the 
original weight detracted from the technique. As the 
vulcanization process removes all residual moisture from the 
rubber and compounding ingredients may be lost from the 
surface of the vulcanizate during the incubation, the disagree-
ment in the range of 0 to 2% between the original and final 
w"eights of the rubber samples was not unexpected. 
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The neoprene compound was very prone to water absorp~ 
tion and it was extremely difficult to remove the absorbed 
water from this vu1canizate. The loss in weight without 
any noticeable surface attack in the case of the styrene 
butadiene copolymer may be explained by the bleeding of a 
highly aromatic oil, in the formulation as a processing aid, 
from the surface. 
Details of the loss in weight measurements are con-
tained in Table 6.4, Appendix. 
Measurement of the pH of cultural fluid 
There waS a marked increase in pH of the cultural 
fluid containing the vulcanized rubber which was subject to 
microbiological deterioration. The highest pH attained was 
in the culture fluid of the pink latex clearing Streptomyces 
sp. growing at the expense of the dicumy1 peroxide cured 
natural rubber vulcanizate (pH 8.6). This may be accounted 
for in terms of the utilization of the nitrogen source and 
not the carbon source. The depletion of the nitrate-
nitrogen and accumulation of ammonium-nitrogen possibly 
effects this increase in alkaline reaction. 
The pH of the cultural fluids is listed in Table 6.5. 
Qualitative determination of nitrogen in the culture 
medium 
The presence of nitrite-nitrogen and ammonium-nitrogen 
in the culture medium varied widely with the type of 
vu1canizate ~nd inocalum. 
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The elevated pH in the culture medium of the peroxide 
cured natural rubber vulcanizate deteriorated by the grey 
sporulating and pink latex clearing streptomyces sp. was 
associated with ammonium production. In contrast, acid 
production occurred in the culture medium of the MBTS high 
sUlphur natural rubber vulcanizate. The presence of sub-
stantial amounts of nitrite in the culture medium of the 
nitrile vUlcanizate for the b'lO organisms was noted. As 
these did not occur in the uninoculated contro1 it is 
interesting to speculate whether these events are the result 
of the metabolic activities of the organisms. Trends are 
more difficult to recognise in the other pure culture experi-
ments. The ,\'lhi te Streptomyces sp. '\'lhich grew profusely on 
latex agar plates without degrading the latex did not deter-
iorate the vulcanized rubber in pure culture. However, 
this organism produced ammoniulll in the culture medium of 
surrounding vulcanizates. This was accompanied by a 
decrease not an increase in pH. 
The surface tension of culture medium 
Evidence of a secretion of a surface active agent in 
the culture medium of the natural rubber vulcanizate deter-
iorated by the grey circular sporulating and pink latex 
clearing Streptomyces sp. Was the marked reduction of surface 
tension of the medium. The surface tension of culture 
medium ''las originally 70.0 dynes/cm. Measurement after two 
years' incubation revealed a reduction of surface tension. 
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The culture medium immersing the dicumyl peroxide natural 
rubber vulcanizate inoculated by the two organisms was 52.5 
and 45.9 dynes/cm respectively. The nature of the surface 
active agent was undefined and the contribution to the 
reduction in surface tension by autolysis of the deteriora-
ting micro-organism and the leaching of compounding ingredi-
ent from the vulcanizate was not investigated. 
The details of the extent of growth at the expense 
of the vulcanized rubber, pH, nitrogen status and surface 
tension of the culture medium are listed in Table 6.5. 
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Table 6.5 
Pure Culture Experiments : Inoculated with natural rubber latex isolates 
and incubated at 24 + 10 C for two years. 
}1edium : 0.05% K2HP04 , 0.05% KH2P0 4 , 0 0 1% KN0 3 and 0.02% NgS04·7H20 
Initial pH 6.B~ Surface Tension 70.0 dynes/cm. 
Extent 
Type of rubber of N02nitrogen NH4nitrogen pH growth 
A. Uninoculated Control 
Dicumyl peroxide 
cured-rubber 0 
MBTS-sulphur 
na,tural rubber 0 -
MBTS-high sulphur 
natural rubber 0 
TMTD cured 
natural rubber 0 
Styrene butadiene 0 
Polybutadiene 0 
Neoprene 0 
Butyl 0 
Nitrile 0 
+ 
o 
o 
o 
o 
+ 
+ 
o 
o 
B. Grey circular sporulating colony 
Dicumyl peroxide 
cured natural 
rubber ++++ 
NBTS sulphur 
natural rubber +++ 
NBTS high sulphur 
natural rubber 0 
TMTD cured 
natural rubber 0 
Styrene butadiene 0 
Polybutadiene + 
Neoprene + 
Butyl 0 
Nitrile 0 
Folyisoprene ++ 
o 
o 
b 
o 
o 
o 
o 
++ 
o 
+ 
+ 
o 
o 
o 
+ 
o 
+ 
o 
+++ 
o 
o 
+ 
+ 
o 
o 
++ 
o 
o 
6.B 
6.B 
6.6 
6.3 
6.5 
6.5 
6.3 
6.5 
8.5 
5.8 
7.0 
6.9 
6.6 
6.9 
6.8 
6.8 
Surface 
tension 
(dy~es/ 
cm) 
59.1 
61.3 
63.5 
65.7 
63.0 
59.1 
50.0 
67.8 
65.7 
63.5 
63.5 
63.5 
61.3 
65.7 
% Change 
in weight 
+2.1 
+1.1 
+2.3 
-5.3 
+0.9 
+3.0 
+o.B 
-0.2 
-13.4 
0.0 
-6.4 
0.0 
_1.6 
+0.4 
+0.4 
-1.5 
-0.1 
0.0 
- .-.;-.. 
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Table 6.5 (contd.) 
Type of' rubber Extent N02nitrogen NH4nitrogen pH 
Surf'ace % Change 
of' tension 
growth (dynes/ in weight 
cm) . 
C. Pink colon;! 
Dicumyl peroxide 
cured natural 
rubber +++ + + 8,6 45.9 -7.3 
MBTS-sulphur 
natural rubber 0 0 0 7.0 54.7 0.0 
MBTS high sulphur 
natural rubber O· 0 0 5.4 59.1 +0.8 
TMTD cured natural 
rubber + + 0 7.2 52.9 -1.0 
Styrene butadiene 0 + 0 6.6 61.3 -4.5 
Polybutadiene + 0 + 6.8 61.3 -0.6 
Neoprene 0 0 0 7.3 56.4 +2.3 
Butyl 0 0 0 6.8 59.1 +2.8 
Nitrile. 0 +++ 0 7.2 63.5 -0~8 
D. White l!ij!iment secreting colon;! 
Dicumyl peroxide 
cured natural 
rubber ++++ 0 ++ 6.6 61.3 
-9.4 
MBTS sulphur 
natural rubber + 0 0 6.5 65.7 -0.2 
MBTS high sulphur 
natural rubber 0 0 + 6.3 63.5 +3.6 
TMTD cured 
natural rubber + 0 0 6.7 63.5 -10.6 
Styrene butadiene 0 + 0 6.5 63.5 -0.4 
Polybutadiene + 0 0 6.8 65.7 -2.0 
Neoprene 0 0 0 6.4 63.5 +9.4 
Butyl + 0 0 6.5 63.5 +5.0 
Nitrile 0 +++ o. 6.4 63.5 -1.2 
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Table 6. 2 (contd.) 
'.--> : ... ' .'. '--. -~. 
Extent 
Type of' rubber of' N0 2nitrogen NH4nitrogen pH % Change in growth weight 
E. Blue colonx 
Dicumyl peroxide 
cured natural 
rubber 0 0 0 7.1 -1.4 
MBTS sulphur 
natural rubber + 0 0 6.8 
-0.5 
MBTS.high sulphur 
natural rubber 0 0 0 6.9 +0.7 
TMTD cured natural 
rubber 0 0 + 7.2 0.0 
Styrene butadiene 0 0 0 7~2 -0.4 
Polybutadiene + 0 0 7.0 -0.4 
Neoprene 0 0 '0 7.3 +2.9 
Butyl 0 0 0 7.0 +0.3 
Nitrile 0 0 0 7.0 .. 0.3 
F. White colonx 
Dicumyl peroxide 
cured natural 
rubber ++ + + 5.5 +0.8 
MBTS sulphur 
natural, rubber 0 + + 6.2 0.0 
MBTS high sulphur 
natural. rubber 0 0 + 4.5 0.0 
THTD cured natural 
rubber 0 0 ++ 5.6 +1.5 
Styrene butadiene 0 0 + 4.5 -0.9 
Polybutadiene 0 0 + 4.5 +1.1 
Neoprene 0 0 + 5.6 +3.6 
Butyl 0 0 ++ 4.7 0.0 
Nitrile 0 0 + 5.4 -0.7 
Key: Extent of growth: Profuse ++++, marked +++, moderate ++ 
slight +, none 0 
Nitrogen level High +++, moderate ++, slight +, none o. 
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In conclusion, the pure culture experiments demonstra-
ted the ability of the latex agar to deteriorate the peroxide 
cured natural rubber vulcanizate. The presence of 
accelerator residues in the culture fluid inhibited the 
microbial attack of the MBTS sulphur and TMTD cured natural 
rubber vUlcanizates. None of the synthetic rubbers was 
attacked in pure culture. 
A relationship between the microbiological deteriora-
tion and the utilization of the nitrate-nitrogen source was 
observed. The extent of the growth of two of the 
Streptomyces sp. was reflected in the accumulation of amnonia 
in the culture medium. The role that surface active agents 
play in the deterioration of rubber requires further investi-
gation. Apparently organisms possessing the ability to 
degrade the natural rubber hydrocarbon lack the enzyme 
systems necessary to attack synthetic rubber in pure culture. 
In the light of the results obtained, it is reconunend-
ed that, in future, thinner strips of rubber are used in 
pure culture experiments to reduce the amount of compounding 
ingredients with microbiocidal activity which can be leached 
from the rubber surface into the culture medium. As 
microbiological deterioration of rubber is a surface 
phenomenon (Chapter 14), the use of extremely thin strips of 
vulcanized rubber will give a greater percentage loss in 
weight than the use of thicker strips during an equal 
incubation period. 
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CHAPTER 7 
THE MEASUREMENT OF THE MICROBIOLOGICAL 
DETERIORATION OF VULCANIZED RUBBER USING THE 
LEEFLANG TEST BATH METHOD 
INTRODUCTION 
To investigate the relative resistance of natural 
and synthetic rubber to microbiological deterioration by 
waterborne micro-organisms, the Leeflang test bath method was 
used. The rate of deterioration of vulcanized rubber "ras 
assessed by visual inspection of the surface, measurement of 
reduction in tensile strength, increase in hardness of the 
rubber and the respiration of the micro-organisms on the 
rubber surface by the Cornfield method and Warburg Micro-
respirometry. 
REVIEi{ OF LITEHATURE 
The test bath method was first developed by Leeflang 
(1963), l .... ho suspended strips of vulcanized rubber into a 
tank throush l'lhich a flO''l of unchlorinated tapl'later l'laS main-
tained. The test bath was inoculated with a deteriorated 
natural rubber pipe-joint ring and kept at 20_25 0 C in a 
darkened room to prevent algal growth. 
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He found all natural rubber strips were attacked with-
in two to three months while none of the synthetic rubbers 
tested showed any deterioration during the two-year -test 
period. 
Mixtures of natural and synthetic rubber were not 
attacked provided the proportion of natural rubber did not 
exceed 50%. 
Leeflang found that attempts to protect natural rubber 
vulcanizates with fungicides failed, probably because these 
compounds, being slightly soluble, were leached from the test 
samples. 
Dickenson (1965) examined critically the research work 
of Leeflang and suggested that the potable water in Dutch 
water mains Was atypical due to the amount of dissolved miner-
als and the absence of chlorine in the water. He also put 
forward the view that the Leeflang test has an inherent bias 
favouring the deterioration of natural rubber as the source 
of microbial infection used was deteriorated natural rubber. 
The Leeflang test method was used by Hills (1967) to 
study the effect of varying the type of accelerator, colouring 
pigment and fungicide on the microbial attack.of vulcanized 
natural rubber. The test bath was inoculated with soil and 
deteriorated natural rubber from several sources to ensure 
that not only micro-organisms capable of degrading natural 
rubber were introduced. Hills also tested several synthetic 
rubbers and blends of synthetic with natural rubber. 
Hills (1967) found that after two weeks the surface of 
the strips of vulcanized rubber became slimy and colonies of 
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bacteria were visib~e. After only one month surface deter-
ioration of some of the natural rubber samples were notice-
able, but no erosion of the surface was observed until the 
samples had been exposed in the test bath for eight months. 
The results of Leeflang (1963) concerning the differential 
susceptibilli ty of natural and synthetic rubber were confirmed 
by Hills. 
Dickenson (1968) described preliminary results of 
research into the microbiological deterioration of natural 
rubber. He reported, amongst other things, that the rate of 
deterioration of vulcanized rubber was more rapid in a test 
bath at the laboratories of the North Holland Provincial Water 
Board, Bloemendaal, The Netherlands, than in a similar bath 
set up at the Natural Rubber Producers' Research Association 
Laboratories in Welwyn Garden City, Herts., England. In both 
cases the inoculum was a streptomyces sp. isolated from eroded 
Dutch and Australian natural rubber pipe-joint rings. No 
details of the isolation procedure were given. Although the 
reasons for this difference are not c1ear, the temperature of 
of the test bath and dissolved substances in the water supply 
could have been contributory factors. 
The resistance of' a range of American vulcanized rubber 
pipe-joint ring formulations to microbiological deterioration 
was investigated by Leeflang (1968) who found none of the 
synthetic compounds, including nitrile, neoprene, ethylene 
propylene and styrene butadiene rubber were attacked. All 
natural rubber and synthetic polyisoprene compounds were sub-
ject to deterioration during the two-year test period. 
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Leeflang claimed that the relative resistance of the vulcanized 
natural rubber was dependent on state of the cure, choice of 
accelerating system, and presence of significant amounts of 
antioxidants in the rubber. 
Waterborne micro-organisms 
The research workers referred to in the preceding para-
graphs introduced inocula of rubber deteriorating micro-
organisms into their test baths, but another source of potent-
ial rubber deteriorating micro-organisms is potable water, 
which may contain a considerable microbial population. 
Collins (1963), discussing the distribution and ecology of 
bacteria in fresh water, outlined the origins of the different 
contributions to the microbial population. These include 
micro-organisms washed into fresh water, an indigenous bacter-
ial flora in solution and bacteria dependent on the presence 
of solid surfaces for their proliferation. The dominant 
bacteria are gram negative rods and cocci of Pseudomonas, 
Achromobac~, Chromobacterium, Flavobacterium and Micrococci 
spp. A striking feature of many of these micro-organisms is 
their marked lack of biochemical activity. The presence of 
Actinomycetes in fresh "vater has been reported by a number of 
workers (Umbreit and McCoy, 1940; Erikson, 1941; Silvey, 
Russell, Redden and McCormick, 1950; Silvey and Roach, 1953; 
Potter and Baker, 1956; and Silvey and Roach, 1964). 
The runoff from soil is known to mal<:e a considerable 
contribution to the aquatic bacterial flora. 
reported that the Pseudomonas, Flavobacteria and Micrococci 
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spp. associated with water were supplanted by soil bacteria 
such as Bacillus mycoides, B.subtilus and Streptomyces spp. 
a·fter heavy rains, floods or prolonged dry hot weather when 
earth crumbled into the stream under study. Visser (1964) 
found in rainwater a total number of micro-organisms of 
3.2 x 105 per ml of which 1.4 x 105 were Actinomycetes. 
The occurrence of Actinomycetes in the Wellington water 
supplies was studied by White (1962) who isolated 17 Strep-
tomyces spp. and one Micromonospora sp. Chlorination of the 
water supply banished all but the organism Micromonospora 
globosa which was the most commonly found species in the 
potable water. 
Colonization of surfaces by waterborne micro-organisms 
Sufficient opportunity exists for the colonization of 
the surface of strips of vulcanized rubber in the Leeflang 
test bath. Many of the organisms colonizing the surface will 
not be rubber deteriorating. ZoBell (1943) intimated that in 
dilute nutrient solutions, such as sea ,vater, the organic 
matter concentrated by absorption on solid surfaces enhances 
bacterial activity. Surfaces retard the diffusion of 
exoenzymes and hydrolyzates away from the bacterial cells thus 
promoting the assimilation of nutrients. 
References to the growth of waterborne micro-organisms 
on solid surfaces are infrequent in the literature. The role 
of slime-producing bacteria growing on the surface of stones 
in trickling filters in 1vaste treatment is well known. The 
growth of marine bacteria on surfaces apparently plays a 
significant role in the fouling of submerged surfaces. ZoBell 
- .. ".-"-.'.-.-.. -.,.-' 
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and Allen (1935) suggested that the bacterial film encouraged 
the attachment of the plantonic larval stages of fouling 
organisms by increasing the concentration of carbon dioxide 
and ammonia from the decomposition of organic matter. 
The susceptibility of the matrix constituents of anti-
fouling paints to microbial attachment in sea water was 
studied by Starkey (1957). The growth of micro-organisms on 
the matrix was sustained only when the material was suscept-
ible ~o microbial decomposition. Initially, phenolic resins 
supported a high microbial population as measured by oxygen 
consumption in a biochemical oxygen demand test, but this 
decreased with time. Starkey found that loss in weight of 
the matrix was a reflection of the oxygen consumption during 
the microbial decomposition. 
More recently, Dolgopolskaya and Gurevich (1968) stated 
that surfaces i~nersed in the sea are colonized immediately by 
bacteria. The rate of proliferation of these organisms 
depends on ,,,hether the surface ,,,as capable of providing 
nutrient material. Data presented showed that marine bacteria 
reproduced much more rapidly on a pine resin lacquered surface 
than on plain glass slides, suggesting the gro,,,th of the 
organisms was sustained by the pine resin. 
This discussion emphasizes the need to differentiate 
between waterborne micro-organisms colonizing the surface and 
rubber deteriorating micro-organisms ramifying the polymeric 
material. The long term duration of the test bath method 
ensures that rubber deteriorating micro-organisms become well 
established and supercede the initial colonizers of the rubber 
I--
I 
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surface. A combination of methods measuring the change in 
physical properties of the vulcanized rubber and the respira-
tion of the micro-organisms growing on the rubber surface will 
provide the most satisfactory assessment of the extent of the 
microbiological deterioration of different vulcanized rubbers. 
METHODS AND MATERIALS 
Leeflang Test Bath 
A frame of angle iron (Handy angle iron, Ajax (N.Z.) 
Ltd.) was constructed to support two perspex tanks of dimen-
sions 16" x 6.5" x 10" and the assembly placed in a constant 
temperature room maintained at 24 + 10 c. A wooden frame, to 
support the test strips of vulcanized rubber, was placed over 
the top of the tanks. An outlet was bored in the end of each 
5.5" from the bottom of the tank giving each an approximate 
capacity of 14.5 litres. A flow of unchlorinated tapwater 
was maintained through the tank, at the rate of 250 ml per 
minute, completely renewing the water every 40 minutes. The 
temperature of the water was within the range of 12 to 180 C 
throughout the year. 
To expose similar amounts of surface area of the 
vulcanized rubber to the flow of water, the strips of rubber 
had 5" of their 6" length immersed in the 'vater of the test 
bath. The humidity of the constant temperature room was 
maintained at 42% relative humidity, so as to prevent fungal 
growth on the rubber surface above the water level. 
The test bath was enriched with potential rubber deter-
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iorating micro-organisms by the inclusion in the water of a 
freshly collected deteriorated natural rubber pipe-joint ring, 
the residue from the surrounding pipe-joint and garden soil 
from an area where microbiological deterioration of pipe-
joint rings occurred on the outside of the ring exposed to 
the soil adjacent to the pipe-joint. 
Lincoln College is situated above the western margin 
of the Christchurch artesian basin. The water supply at the 
College is from a 100-foot bored well. 
A typical analysis of the water supply describes the 
pH as 7.5, chloride 10 ppm, nitrate nitrogen 0.1 ppm, nitrile 
nil, ammoniacal nitrogen a trace, o~ygen absorbed a trace, 
total solids 90 ppm, total iron nil, total hardness 55 ppm, 
total alkilinity 55 ppm, phosphate less than 0.02 ppm and 
number of coliform organisms per ml nil. No treatment of 
the water supply with chlorj.ne is necessary. 
Vulcanized rubber s~mples 
The relative susceptibility of natural and synthetic 
rubber to microbiological deterioration was investigated. 
A conventional accelerated sulphur cured natural 
rubber and five vulcanized synthetic rubbers were tested. 
Details of the formulation of these vulcanizates are given 
in the Appendix, Table 7.1. 
The vulcanized rubber was compounded, milled and 
press vulcanized for 10 minutes at 312 0 F with a pressure of 
75 lb per sq.in. as 6" x 6" x 0.06" tensile sheets. A full 
description of the rubber technology is set out in Chapter 2. 
Strips 6" x 0.5" were cut from the tensile sheets and 
suspended with 5" of their length immersed in the tank. 
The strips were identified by designating the base polymer 
and accelerating system on a 0.5" x 0.25" adhesive label stUck 
on the rubber surface above the water level. The labelled 
strips of vulcanized rubber were secured with a drawing pin 
to the wooden supporting frame above the test bath. 
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MEASUREMENT OF THE MICROBIOLOGICAL DETERIORATION OF ORGANIC 
MATERIAL 
INTRODUCTION 
The major products of the microbial degradation of 
any carbon source are cells, carbon dioxide and water. 
The evolution of carbon dioxide during the decomposition of 
an organic material may be used as a measure of the 
microbial attack on the material. 
REVIEiv OF THE LITERATURE 
The literature contains a number of references to 
the use of carbon dioxide evolution as a measure of the 
microbiological deterioration of organic compounds. 
The decomposition of hemicelluloses by fungi and 
Actinomycetes was studied by lVaksman and Dieham (1931). 
The loss in wei~ht and a back titration of standard barium 
hydroxide solution to determine the carbon dioxide evolved 
was used to measure mannan, xylan and galactan decomposition. 
Actinomycetes were slow in attacking the hemicellulose at 
the beginning of the incubation period but maintained a more 
uniform rate of decomposition than fungi. Over 50% of the 
total carbon was liberated as carbon dioxide during the 
decomposition of mannan. 
The carbon balance of 40 species of wood-rotting 
fungi grow"ing on cellulose in surface cuI ture were investi-
gated by Whitaker (1951). A typical result was the carbon 
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balance for a Polyporus sp. After 42 days'incubation 
2.26g of the original 16.5g of carbon supplied was evolved 
as carbon dioxide, 11.B8g remained in solution as residual 
glucose and 2.00$ was in the form of mycelium. Under the 
conditions tested carbon dioxide and cellular material 
(45%) were the only major end products of the majority of 
the species examined. 
Tribe (1960) determined nitrate levels and carbon 
dioxide evolution associated with microbiological deteriora-
tion of cellulose films in Canadian soils. Nitrate 'vas 
taken up by the gro"lving organisms during the first seven 
weeks and 74% to 94% of the cellulose decomposed was 
accounted for as carbon dioxide after 16 weeks' incubation. 
Cornfield's method 
In order to make a detailed study of the micro-
biological deterioration of natural and synthetic rubber 
it was necessary to develop a quantitative measure of the 
rate of microbiological attack. The method reported by 
Cornfield (1961) to determine the rate of evolution of 
carbon dioxide from soil after the addition of sucrose, 
straw and composted straw was adopted. In his experiment 
a moistened mixture of soil and organic material was con-
tained in a closed test tube together with a small vial 
containing barium peroxide and ' .... ater. This barium peroxide 
suspension absorbed carbon dioxide and released an equiva-
lent amount of oxygen. The vial was removed periodically 
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replaced with a freshly charged one and its carbonate con-
tent determined in a calcimeter (Collins (1906). 
NETHOD AND MATERIALS 
The following experimental procedure was adopted. 
~he rubber strips were removed from the Leeflang test bath 
at two-monthly intervals and placed in 8 oz glass jars con-
tairling 20 ml of tapwater. A Bijou bottle containing 
approximately 5mg of analytical grade barium peroxide and 
2 ml of distilled water was placed in the jar and the plastic 
screw top sealed with polyvinyl chloride adhesive tape. 
The whole assemblage was incubated at 24 + 10 C for a week. 
During this time carbon dioxide evolved by the micro-organ-
isms growing on the rubber surface was absorbed by the 
peroxide. The carbon dioxide was liberated from the 
carbonate with 2N hydrochloric acid and the volume measured 
in the calcimeter. The weight of carbon dioxide evolved 
by the micro-organisms on the rubber surface of individual 
strips per week was worked out (Table 7.2, Appendix) - this 
was taken to be a measure of the relative rate of micro-
biological deterioration of vulcanized rubber. 
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RESULTS AND DISCUSSION 
The rate of carbon dioxide evolution from the 
vulcanized rubber surface was measured at two-month inter-
vals over a period of eighteen months' incubation in the 
Leeflang test bath. 
There were two noticeable trends; an increase in 
carbon dioxide evolution from the micro-organisms growing 
at tbe expense of the vulcanized natural rubber, and a 
decrease in evolution with respect to time for a range of 
cOnllnon synthetic rubbers. 
graphically in Figure 7.1. 
The result is expressed 
On average, the carbon dioxide evolution from the 
rubber surface was twice as great for the vulcanized 
natural rubber as for the synthetic rubbers. The initial 
high respiratory activity of the micro-organisms colonizing 
the surface of the synthetic rubber was not sustained. 
It suggests that after the colonization of the surface the 
micro-organisms proliferate at the expense of compounding 
ingredients blooming to the surface. The microbial 
activity declines as the polymer cannot be utilized by the 
micro-organisms ,~hich are able to use the compounding 
ingredients. The differences between the carbon dioxide 
evolution from the vulcanized natural and synthetic rubber 
was significant at the 1% level after ten months in the 
Leeflang test bath. Detailed experimental data and 
analyses of variance are contained in Table 7.3, Appendix. 
Figure 7.1 Natural vs. Synthetic rubbers. 
Carbon dioxide evolution from the surface of 
the vulcanized rubber strips removed from a 
Leeflang test bath measured at two-month 
intervals for a period of 18 months, using the 
Cornfield's Method. 
Figure 7.2 Natural vs. Synthetic rubbers. 
Oxygen uptake by micro-organisms growing at 
the expense of the polymeric material of 
standard section of vulcanized rubber after 
12 months in a Leeflang test bath, measured 
by Warburg microrespirometry. 
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Time in Months 
Natural vs. Synthetic rubbers. Carbon dioxide evolution from 
the surface of the vulcanized rubber strips removed from a 
Leeflang test bath measured at two·-month intervals for a period 
of 18 months, using the Cornfield t s Method. 
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Natural vs. Synthetic rubbers. Oxygen uptake by lJL'lcro-organisms 
growing at the expense of the polymeric material of standard 
section of vulcanized rubber after 12 months in a Leeflang test 
bath, measured by ·',';al"t)urg miCl'Or8Spirometry. 
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\V'ARBURG MICRORESPIROMETRY 
INTRODUCTION 
Warburg microrespirometry is the most sensitive 
technique available for measuring the uptake of oxygen by 
micro-organisms and has been adapted for use with those 
growing on the surface of vulcanized rubber. 
Measurements of the uptake per unit area of vulcan-
ized rubber after twelve months' incubation in the Leeflang 
test bath were taken as the criterion of microbiological 
deterioration of the rubber. 
REVIEI\T OF LITERATURE 
A number of workers have used the technique to 
investigate the microbioLogical deterioration of organic 
materials, particularly cellulosic textiles and plastics. 
Mandels and Siu (1950) developed a manometric method 
for determining the susceptibility of cotton, plastics, 
leather, wool and other materials attacked by micro-organisms. 
The method ·was also applicable to the determination of ;the 
microbiocidal activity of potential fungicides. An 
estimation of the growth of micro-organisms by measuring the 
oxygen consumption, using a differential manometer, was the 
basis of the method. Satisfactory measurements were made 
during a 24 to 48 hours' incubation. 
An assessment of the respirometric technique of 
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Mandels and Siu (1950) as an accelerated test for deter-
mining the fungal resistance of cotton fabrics containing 
various concentrations of different commercial fungicides 
was made by Kapla~ (1964). The technique differentiated 
between untreated fabric and fabric containing a fungicide 
and the results of the respirometry correlated with agar 
plate and soil burial tests conducted on identically 
treated fabrics. Sterilization of the test fabrics was 
necessary to prevent surface growth of non-cellulose 
decomposing organisms; difficulty was encountered with 
standardizing fungal inocula and these precluded the use of 
the technique as an acceptance test for fabrics supplied 
for military tender. 
Burgess and Darby (1964) used a microrespirometric 
technique, together with the measurement of loss in weight 
of polyvinyl chloride plastic, to determine the rate of 
utilization of the plasticizer by fungal test organisms. 
The work was extended to measure the bacterial deterioration 
of plasticized polyvinyl chloride by Pseudomonas aeruginosa 
and to evaluate a range of microbiocides used in the 
formulation of the plastic (Burgess and Darby, 1965). 
The deterioration of plasticized polyvinyl chloride 
tapes was investigated by Cavett and Woodro"\'J" (1968). They 
found that the cumulative oxygen uptake at 50 hours' 
incubation in a Warburg microrespirometer showed a good 
correlation with the percentage weight loss at 28 days. 
The authors stressed that the variability of the endogenous 
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respiration of the Pseudomonas sp. test organism meant the 
respirometric technique was only a relative measure of the 
plasticizer degradation. 
METHODS AND MATERIALS 
In this investigation a Warburg constant volume 
microrespirometer (Braun model V166) was used for the 
measurement of the oxygen consumption of the micro-organisms 
growing on the rubber surface in a Leeflang test bath. 
The following experimental procedure was adopted. 
Strips of vulcanized rubber were removed from the test bath 
after t·welve months' exposure to the deteriorating environ-
mente Sections 0.5" x 0.25" 'vere cut with sharp scissors 
from the end of the rubber immersed in the water and trans-
ferred to a 25 ml conical flask containing 10 ml of taplvater. 
Care was taken to cut comparable sections of rubber and 
drying of the rubber surface was avoided. Triplicate 
samples, each of two sections, were placed together with 
2.0 ml of a buffered mineral salts solution (0.05% K2 HP04 , 
0.05% KH2P04 , 0.1% KN0 3 and 0.05% MgS04,7H20, pH 6.8) in 
flasks of the Harburg apparatus. The centre well contained 
0.2 mL of 20% (W/V) potassium hydroxide solution. A filter 
paper wick was used to increase the surface area for the 
absorption of carbon dioxide and to discourage the alkali 
creeping over the rim of the centre well. The flasks were 
equilibrated overnight and the silicone grease lubricated 
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joints ground in to make the flask airtight. The aircock 
at the top of the manometer was closed and the rate of 
oxygen uptake of the rubber deteriorating micro-organisms 
growing on each respective rubber sample at 22.5 + 1 0 C 
was recorded over a 12-hour inCUbation period. The flasks 
were shaken at the rate of 80 strokes per minute to ensure 
efficient gaseous exchange. Two thermobarometers were 
included in the water bath to correct for any fluctuation 
in temperature and pressure during the inCUbation period. 
In general, the methods outlined by Umbreit et ale (1964) 
were followed. 
RESULTS AND DISCUSSION 
The results of the measurement of oxygen uptake by 
the micro-organisms growing on the rubber surface after 
t,~elve months in the Leeflang test bath gave added support 
to the evidence that natural rubber is susceptible ,.,hile 
synthetic rubber is resistant to microbiological deteriora-
tion. 
There was a continuous uptake of oxygen by micro-
organisms growing at the expense of the natural rubber (0.75,1 
of oxygen consumed per hour). The oxygen uptake of the 
flasks containing synthetic rubber differed little from the 
control containing no rubber (0.03 to,0.2 ~I of oxygen 
consumed per hour). Figure 7.2 illustrates the oxygen 
uptake over a 12-hour period. An analysis of variance of 
the data is contained in Table 7.4, Appendix. 
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LOSS IN TENSILE PROPERTIES 
INTRODUCTION 
Tensile properties of vulcanized rubber are widely 
used as a rapid method of assessing the general quality of 
a vulcanizate. Microbiological deterioration of rubber 
should be accompanied by the reduction in tensile properties. 
REVIE\v OF THE LITERATURE 
Little use has been made of the loss in tensile 
properties as a criterion for the microbiological deter-
ioration of vulcanized rubber. Kulman (1958) adopted the 
loss in tensile strength of samples of vulcanized rubber 
buried in fertile soil to measure the deterioration of pipe-
line coatings. This technique has been 'videly used as a 
criterion of microbiological deterioration of textiles 
(A.S.T.M. Test D684-45T). For durable materials such as 
polyvinyl chloride, pothyethylene arid neoprene the effect 
of microbial activity on the rate of deterioration was not 
discernible. However, tar-impregnated fabric which deter-
iorated more rapidly in inoculated than sterile soils 
showed a marked reduction in tensile strength. 
An unpublished investigation into the microbiological 
deterioration of vulcanized rubber was undertaken by 
Goodyear Tire and Rubber Company. Bulman (Pers.comm.1970) 
outlined the use of physical properties to measure the 
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relative resistance of natural rubber, synthetic poly-
isoprene and styrene butadiene rubber to deterioration in 
a soil burial test. 
Dumbell specimens used in tensile determinations 
were subjected to a thirteen-month soil burial test. After 
the test period the samples were removed from the soil, 
washed and submitted to tensile and elongation measurements 
together with unburied control •• 
Bulman (Pers.comm. 1970) found that natural and 
synthetic polyisoprene rubber lost about 90% of their 
tensile strength and 60% of their elongation after thirteen 
months in the soil. The tensile properties of the styrene 
butadiene rubber were unaffected. 
Discrepancies in the conclusions reached, using 
different test methods, for the measurement of microbio-
logical deterioration may occur. A comparison of test 
methods for determining the resistance of plastics to 
microbial attack was reported by Walchii and Zinkernagel 
(1966). They cited the 'york of Dolczel (1966) who found 
that polyamide was a resistant synthetic material according 
to visual assessment but is susceptible to microbiological 
deterioration according to physical assessment using tensile 
strength, elongation and modulus of elasticity measure-
i 
ments. 
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METHODS AND MATERIALS 
The three parameters generally measured are the 
tensile strength,' elongation at break and the modulus. 
The tensile strength is the force per unit cross-sectional 
area which is applied at the time of rupture of the dumb-
bell shaped test specimen. It is calculated by dividing 
the breaking force by the cross section of the unstressed 
rubber. Elongation at break is the percentage of the 
original length the rubber dumbbell test specimen is 
stretched at the moment of rupture. The term modulus is 
used to express the force required to stretch a test piece 
to a given elongation, usually 300% or 500% the original 
length. It is a measure of xhe resistance to extension or 
stiffness of the vulcanized rubber. The test procedure 
is outlined in British Standard Specifications (BS.903, 
Part A2. 1956). 
Dumbbell test specimens were cut from the strips of 
deteriorated rubber from the test bath and the values of 
tensile strength and elongation at break were determined 
using a tensiometer (Hounsfield Rubber Test Machine Tensomer 
Ltd.). 
These values were compared with the tensile strength 
of controls 'which '"ere stored in a draw'er at room tempera-
ture for the duration of the experiment. 
",",-,--;-.,.","" 
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RESULTS AND DISCUSSION 
The percentage loss in tensile strength of the con-
ventional accelerated sulphur cured natural rubber was about 
twice as great as the loss of tensile strength of the most 
weakened synthetic rubber. Neoprene was greatly weakened 
by the excessive absorption of water of the vulcanized 
rubber. The results are set out in Table 7.5 which gives 
the mean values of triplicate determination and the 
significance levels. 
CHANGE IN HARDNESS 
INTRODUCTION 
During the course of the investigation an increase in 
the Hardness of the microbiologically deteriorated vulcanized 
natural rubber was noted. In view of this observation it 
was decided to apply the change in Hardness as a criterion 
for the measure of the microbiological deterioration of 
vulcanized rubber. 
METHODS AND MATERIALS 
The Hardness of strips of vulcanized natural and 
synthetic rubber was measured after two years' exposure in 
the Leeflang test bath. 
The rubber strips were doubled over and the Hardness 
of the deteriorated and undexeriorated surface measured 
Table 7.5 Tensile properties of vulcanized rubber samples after two years 
in a Leeflang Test Bath 
Vulcanized Elongation at break Significance Tensile strength Significance 
rubber % change level % change level 
Neoprene 
Control 380 
-27% ** 2660 -36% ** Test sample 300 1700 
Polybutadiene 150 1740 
Control 
-20% * -25% ** 
Test sample 120 1310 
Styrene 
butadiene 
Control 600 2560 I-" 
-50% * -36% ** tv Test sample 300 1650 ~ 
Butyl 
Control 550 
+13% * 1720 -12% N.S. Test sample 630 1510 
Nitrile 
" 
Control 400 760 ," ': 
-62% ** + 7% N.S. Test sample 150 820 
MBTS 
suIphur cured 
natural rubber 
Control 480 4% N.S. 3870 
-67% ** Test sample 460 - 1120 
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with a Shore Hardness Durometer Type A (Shore Instruments 
and M.F.G. Co., New York. 
RESULTS AND DISCUSSION 
An increase in the Hardness of the microbiologically 
deteriorated vulcanized natural rubber 'vas apparent. 
Conventional accelerated sulphur cured natural rubber showed 
a 2 0 A to 14°A Shore Hardness unit increase in Hardness due 
to exposure to microbial attack in the test bath. TMTD 
sulphurless cured natural rubber which 'vas most resistant 
of the vulcanized natural rubber (Cbaper 9) showed no 
change in Hardness. Synthetic rubbers, neoprene, poly-
butadiene, styrene butadiene rubber, nitrile and butyl all 
showed changes of two or less Hardness units. 
The increase in Hardness of the deteriorated natural 
rubber was caused by the surface layer of deteriorated 
rubber. The consumption of the rubber hydrocarbon by the 
deteriorating micro-organisms left a residue with a higher 
proportion of extra network material such as accelerator 
residues, inorganic filler and sulphur (refer Chapter 11). 
NUMBERS OF MICRO-ORGANISMS ON THE RUBBER SURFACE 
INTRODUCTION 
A possible criterion for the determination of the 
degree of microbiological deterioration of vulcanized rubber 
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in the test bath could be the number of micro-organisms 
growing on unit area of the rubber surface. 
REVIE\v OF THE LITERATURE 
The proliferation of micro-organisms has been used 
by a number of research w·orkers as a criterion of micro-
biological deterioration. Hitz and Zinkernagel (1967) 
determined the extent of bacterial growth supported by 
plasticized polyvinyl chloride sheeting by measuring the 
optical density of the test organism Pseudomonas aeruginosa 
in the surrounding medium after an incubation period of 14 
days at 28 0 C. The number of bacteria reflected the loss 
in weight of the plastic sheeting. Higher numbers of 
hydrocarbon utilizing bacteria were found by Harris (1964, 
1965) in soil adjacent to asphalt coated pipelines than at 
the same depths in undisturbed virgin soil. 
Berridge (1951) determined the numbers of sulphur 
bacteria and Actinomycetes on natural rubber milking 
inflations and attempted unsuccessfully to relate these 
numbers to the degree of deterioration of the vulcanized 
rubber. 
The mixed microbial population on the surface of a 
potentially degradable material represents a complex 
ecological situation. It is often characterized by a 
succession of colonizing micro-organisms, some capable of 
decomposing the material, others utilizing nutrients and 
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breakdown products arising from primary attack -which may 
accumulate on the surface. 
A major limitation in this type of approach is the 
well known difficulty of isolating the major components at 
a microbial population on a cultural medium. The necessity 
to differentiate between organisms using the surface of 
rubber as a substratum and those actively degrading the 
hydrocarbon must be recognized. 
Favero et al (1968) reviewed the microbiology of 
sampling surfaces and described the s\vab-rinse technique, 
rinse test, agar contact method, and direct surface agar 
plating. They suggested that the rinse test was probably 
the most accurate for enumerating viable micro-organisms 
from surfaces. 
METHOD AND :f\'1ATEllIALS 
The following procedure \vas adopted. A rubber test 
strip was removed from the test bath, a sq.cm of the rubber 
surface was scraped clean with a flame sterilizing scalpel 
blade and the microbial slime transferred quantitatively to 
a blending vessel containing 10 ml of sterile tapwater. 
(Homogenizer No.7700, Measuring and Scientific Equipment 
Ltd., London). The transfer was blended for 10 seconds 
and 10- 3 , 10- 5 and 10- 7 times dilutions prepared and were 
plated on nutrient agar. The plates ",,-ere incubated at 22 0 C 
1.28 
and the colonies counted after three days. These deter-
minations were made on rubber strips after twelve months in 
the Leeflang test bath. 
RESULTS AND DISCUSSION 
The numbers of organisms per sq.cm of rubber surface 
after 12 months in the test bath ranged from 2 x 105 for the 
TMTD cured natural rubber to 2 x 109 for the MBTS sulphur 
accelerated natural rubber. The remaining natural and 
synthetic rubber lay between this range. Clearly the number 
of colonies enumerated on nutrient agar plates was inadequate 
in distinguishing between the microbiological deterioration 
of natural and synthetic rubber. Details of the experiment-
al results are contained in Table 7.6. 
Table 7.6 
Numbers of organisms per sq.cm of rubber surface after 
12 months in the Leeflang Test Bath. Nutrient agar 
incubated at 220 C for three days. 
MBTS sulphur accelerated natural rubber 2 x 109 
Dicumylperoxide cured natural rubber 5 x 107 
TMTD cured natural rubber 2 x 105 
MBT sulphur accelerated natural rubber 5 x 107 
DPG sulphur accelerated natural rubber 8 x 105 
Neoprene 6 x 105 
Styrene butadiene rubber 5 x 107 
Polybutadiene 3 x 107 
Nitrile 4 x 106 
Butyl 5 x 106 
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VISUAL INSPECTION OF THE RUBBER SURFACE 
INTRODUCTION 
The most obvious criterion for the microbiological 
deterioration of vulcanized rubber is the appearance of the 
rubber surface. 
REVIEW OF LITERATURE 
Microbiological deterioration of vulcanized natural 
rubber has been described in the literature as visible surface 
pitting (Blake, Kitcbin and Pratt, 1955), corrosion (Rook, 
1955), the disappearance of rubber over the circumference of 
a pipe-joint ring (Leeflang, 1963), erosion of the surface 
and surface hardening (Hills, 1967). 
METHOD 
At the termination of the Leeflang test bath experi-
ment the rubber strips were removed, the surface cleaned of 
microbial growth and dried in a vacuum drying oven at 55 0 C 
for 24 hours. The surface of the rubber strips was 
inspected, the degree of microbiological deterioration 
assessed, and the state of rubber surface was described. 
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RESULTS AND DISCUSSION 
The surface of the vulcanized natural rubber was 
deteriorated, whereas the synthetic rubbers were not deter-
iorated. 
The microbiological deterioration of the natural 
rubber was confined to the surface immersed in the water and 
was uniformly distributed over the rubber surface. Two 
patterns of deterioration were discernible. The surface of 
conventional accelerated sulphur cured natural rubber was 
irregularly pitted and eroded while the dicumyl peroxide 
cured natural rubber was uniformly reduced in cross-sectional 
area and the surface had a skin of stiff deteriorated rubber. 
A more detailed description of the rubber surface is found 
in Table 7.7. 
Using the appearance of the rubber surface after two 
years' exposure to waterborne micro-organisms in a Leeflang 
test bath as the criterion, vulcanized natural rubber was 
susceptible to microbiological deterioration, whereas syn-
thetic rubbers were resistant. This result was consistent 
with the findings of Leeflang (1963), Hills (1967) and 
Dickenson (1968). 
The observation of predacious Protozoa and Nematodes 
consuming the rubber deteriorating micro-organisms which lead 
to the acceleration of the erosion of rubber surface suggests 
the role of these organisms in the biodeterioration of 
vulcanised natural rubber requires investigation. 
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Table 7.7 
The appearance of the vulcanized rubber surface 
after two years in the Leeflang Test Bath 
Type of vulcanized 
rubber 
MBTS sulphur natural 
rubber 
Dicumyl peroxide cured 
naturi'\l rubber 
styrene butadiene rubber 
Polybutadiene 
Neoprene 
Nitrile 
Butyl 
Appearance of the rubber surface 
Surface irregularity pitted and 
eroded. No change in pattern 
of deterioration down the length 
of rubber immersed in water. 
A noticeable uniform reduction in 
cross-sectional area. Trans-
verse cracking of a stiff surface 
layer of deteriorated rubber. 
No change in appearance. 
No change in appearance 
Swelling of the rubber due to 
water absorption. No change in 
appearance. 
Increased stiffness. 
in appearance. 
No change 
No change in appearance. 
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Evidence supporting,the contention that vulcanized 
natural rubber is susceptible to microbiological deteriora-
tion whereas vulcanized synthetic rubber is resistant, has 
been presented in this chapter. The results of the Warburg 
Microrespirometry and the appearance of the rubber surface 
were conclusive evidence of microbiological deterioration of 
the polymeric material. The measurement of the carbon 
dioxide evolved by the micro-organisms growing on the rubber 
surface showed the progress of the microbiological deter-
ioration after the initial colonization of the surface. The 
determination of the number of micro-organisms on the rubber 
strips was unsuccessful as a method of differentiating the 
relative susceptibility of the vulcanized rubber because of 
the high number of organisms present on all rubber surfaces. 
Presumably, the synthetic polymers are sufficiently 
different in chemical structure from the natural rubber 
hydrocarbon to resist the presence of micro-organisms with 
pre-existing enzyme systems capable of degrading poly-
isoprenoids. 
MICROBIOLOGICAL DETERIORATION OF MIXTURES OF NATURAL RUBBER 
WITH STYRENE BUTADIENE RUBBER 
INTRODUCTION 
An obvious procedure to prevent the microbiological 
deterioration of vulcanized natural rubber was to substitute 
a blend of natural and styrene butadiene rubber for the 
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natural rubber vulcanizate. In fact, the Standard 
Specification (N.Z.S.131}: 1957) for rubber pipe-joint rings 
, 
allows for a mixture of Hevea rubber with styrene butadiene 
rubber to be used in pipe-joint ring formulations. 
REVIE~.,r OF LITERATURE 
Mixtures of natural and styrene butadiene rubber with 
no le~s than 50% of the polymeric material styrene butadiene 
rubber were found to be resistant to microbiological deter-
ioration, using the Leeflang test bath procedure (Leeflang, 
METHODS AND MATERIALS 
An investigation of the effect of the ratio of 
n~tural to styrene butadiene rubber in blends of the vulcan-
ized rubber was undertaken to confirm the reports in the 
literature. 
Mixtures containing 0%, 20%, 40%, 50%, 60%, 80% and 
100% natural rubber were prepared as 6" x 6" x 0.06" tensile 
sheets. Triplicate 5" x 0.5" strips were suspended in the 
test bath (Table 7.8, Appendix). 
A£ter eighteen months the samples were removed, the 
surface cleared of bacterial growth and dried in the vacuum 
drying oven. The surface of the rubber strips were 
inspected and the extent of the microbiological deterioration 
noted. 
The tensile strength of the unreinforced natural 
styrene butadiene rubber blends was too low (less than 1,000 
lb per sq.in.) to be considered as a suitable criterion of 
the microbiological deterioration of the vulcanized rubber. 
RESULTS AND DISCUSSION 
The appearance of the vulcanized rubber surfaces is 
described in Table 7.9. 
Table 7.9 
Appearance of the vulcanized natural-styrene butadiene 
rubber surfaces after eighteen months in the Leeflang 
Test Bath 
Ratio of polymeric 
material (NR/SBR) 
100% 
60% and 80% 
50% and 40% 
20% and 0% 
Description of the deteriorating 
rubber surface 
Extensive microbiological deteriora-
tion of the surface, loss in cross-
sectional area, a layer of hard 
deteriorated rubber. 
Deep irregular pitting and erosion 
of the rubber surface. 
Superficial pitting. 
No deterioration 
The proportion of styrene butadiene rubber in the 
blends had to exceed 80% to prevent microbiological deter-
ioration of the vulcanized rubber. However, the irregular 
distribution of the erosion of the surface of the 60% and 
80% natural rubber mixtures suggested that the two polymers 
were incompletely mixed. The results generally confirmed 
the findings of Leeflang (1963) and Hills (1967). 
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CHAPTER 8 
INFLUENCE OF FORMULATION OF THE MICROBIOLOGICAL 
DETERIORATION OF VULCANIZED NATURAL RUBBER 
GENERAL INTRODUCTION 
The effects of choice of accelerating system, sulphur 
level, presence of antioxidants, use of inorganic di1ute~ts 
and carbon black reinforcing agents, and the inclusion of 
microbiocides in natural rubber formulations on the resist-
ance to microbiological deterioration were investigated. 
The criteria for the measurement of the rate of 
microbiological deterioration lvere the estimation of micro-
bial activity of organisms growing on the surface of strips 
of vulcanized natural rubber suspended in a Leef1ang test 
bath; visual inspection of the rubber surface, measurement 
of the loss in tensile properties and increase in Hardness 
confirmed the extent of deterioration. 
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i. EFFECT OF CHOICE OF ACCELERATING SYSTEM 
INTRODUCTION 
The choice of accelerating system determines the 
nature and density of the cross-links, resistance to 
oxidative ageing and the physical properties of the vulcan-
ized natural rubber while accelerator residues contribute to 
the extra network material. 
The different vulcanizing systems commonly used by 
rubber technologists are discussed in Chapter 2. 
As shown in the review of literature most emphasis 
has been placed on the microbiocidal activity of the 
accelerator residue. No attention has been given to the 
influence of the cross-links in vulcanized rubber on the 
microbiological deterioration of the rubber. 
REVIElv OF LITERATURE 
A limited number of references contained in the 
literature refer to the ability of accelerator systems to 
protect vulcanized rubber from luicrobiological deterioration. 
Dimond and Horsfall (1943) tested the fungicidal 
properties of mercapto-benzothiazole (MBT) and tetramethyl 
thiuram disulphone (TMTD) and they showed that the latter 
accelerator retained its fungicidal activity after 
vulcanization. 
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Vulcanized natural rubber containing diphenyl 
guanidine (DPG) and TMTD were found by Rook (1955) to be 
resistant to microbial attack by Actinomycetes in a soil 
burial test. Six natural rubber formulations ","ere tested 
by burying them in soil. After five months the rubber com-
pound containing only smoked sheet and sulphur was slimy and 
sticky. The three compounds corresponding to normal 
technical rubber (conventional accelerated sulphur curing 
system) showed several distinct holes and Actinomycetes were 
identified by the size of their mycelium in abundance on the 
eroded surface. The vulcanized rubber containing DPG, 
sulphur and no stearic acid showed only superficial black 
spots while the T:t-lTD sulphurless cured rubber became limp 
but its corresponding control was also of the same texture. 
Petrujora and Zanova (1960) investigated the influence 
of formulation on the susceptibility of natural and synthetic 
rubber to microbiological deterioration. The authors con-
sidered that the factors affecting the susceptibility of 
rubber to microbial attack included the formulation of the 
vulcanizate, the moisture content of the rubber, humidity of 
the air, and the pH and temperature of the environment. 
Materials included in rubber formulations "were tested for 
their ability to support the growth of micro-organisms 
isolated from deteriorated vulcanized natural rubber in 
Southern China, namely Aspergillus spp., Penicillium 
cyclopium, Alternaria tenius, Paecilomyces varioti and 
Actinomyces spp. Smoked sheet and pale crepe supported the 
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growth of the micro-organisms as did softeners butyl, acetyl 
ricinolcate and dibutyl phthalate, coumarone resin, light and 
dark factice, stearic acid and paraffin ,.,ax. On the other 
hand, carbon blacks, inorganic fillers, accelerators, anti-
oxidants and sulphur did not support the growth of the 
micro-organisms. 
This type of experiment is inadequate to predict the 
effect of various compounding ingredients on the micro-
biological deterioration of rubber as it takes no account of 
the chemical changes which occur to the ingredients during 
vulcanization, their possible microbiocidal activity and 
their complex interaction in the rubber vulcanizate exposed 
to microbial attack. 
The lack of growth of a streptomyces sp. isolated 
from the interior of deteriorated natural rubber pipe-joint 
rings on rubber containing the curing agent THTD in a pure 
culture test was reported by Leeflang (1963). Apparently 
TJ'.'lTD and the accelerator residue zinc dimethyl di thiocarba-
mate (ZDHC) accumulated in the liquid cultural medium pre-
venting the growth of the rubber deteriorating organisms. 
The Leeflang test bath method was used by Hills (1967) 
who found that vulcanized natural rubber compounded with 
TNTD alone or in combination with other accelerators appeared 
to give protection against microbiological deterioration. 
Other accelerator combinations were generally superior to a 
single accelerator. 
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The R.T. Vanderbilt Co.Inc., Anon (1952), reported 
that the mixture containing the two fungicides sodium salt 
of mercaptobenzothiazole and dimethyl dithiocarbamate have 
a synergistic acti~n. Similarly, Yeager (195q) cited by 
Rytych (1969), gave as an example of synergism, zinc dimethyl 
dithiocarbamate and zinc 2-mercaptobenzothiazole. 
The accelerator TMTD is well l(nown as the seed 
dressing thiuram and is also used in the treatment of dermal 
fungal parasites. 
The antimicrobial spectrum of common accelerators 
has been discussed by a number of authors. March (1938) 
tested the ability of a number of compounds, including 
rubber accelerators, to inhibit the germination of Venturia 
pirina conidia. He found that DPG was fungicidal at 500 
ppm, TMTD at 500 ppm, tetramethyl thiuram mono sulphide (TMTM) 
weakly fungicidal at 1,000 ppmi MBT, thiocarbanilide and 
zinc diethyl dithiocarbamate (ZDEC) fungicidal at 1,000 ppm 
while dibenzthiazyl disulphide (MBTS) was not fungicidal. 
Klopping and van der Kerk (1951) found that the 
optimal activity in the thiuram sulphide series occurred with 
tetramethyl derivatives with two sulphur atoms in the sulphide 
linkage, that is, TMTD, using the minimum concentration 
causing complete inhibition of the common fungi Botrytris sp., 
Penicillium sp., Aspergillus sp., and Rhizopus sp. 
Similar results were obtained by Miller and Elson 
(19q9) "who investigated the antibacterial and anti-fungal 
activi ty of TMTD and zm·'1C against hUman pathogens. 
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The ability of TMTD to prevent the growth of 
Actinomycetes was noted by Manten, Klopping and van der Kerl~ 
(1950), Richardson (1954) and Vaartaja (1960). 
Winner (1957) investigated the inhibitory action of 
some compounding ingredients on five common bacteria, 
straptylococcus aureus, Streptococcus pyogenes, E. coli, 
Proteus vulgaris and Pseudomonas aeruginosa. Lauric acid, 
DPG, MBT, nitrosodiphenylamine, TMTM, TMTD, ZDEC, beta-
naththol, o-tolyl diguanidine all showed anti-bacterial 
activity while beta-naphthyl p-phenylene diamine and acetone 
aniline were inactive. 
The microbiocidal activity of TMTD cured natural 
~ubber used as linings for milking machine cups was studied 
by Cousins et al. (1957). Sections were cut from the rubber 
linings, embedded in nutrient agar, inoculated with 
Staphylococcus aureus or E. coli and the zone of inhibition 
measured. After service as milking linings the vulcanized 
rubber retained most of its inhibitory properties. However, 
the inhibition of S. aureus gr01-vn in nutrient broth ,vi th the 
bactericide TMTD was reversed by the addition of 20% milk. 
Hence the authors concluded that the use of a TMTD curing 
system was insufficient to improve the bacteriological con-
dition of milking inflations. 
Effect of curing system on cross linkage in vulcanized 
natural rubber 
As well as determining the nature of the accelerator 
residues in the extra network material the curing system 
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introduces the cross linkages in vulcanized natural rubber 
(for a more comprehensive discussion refer Chapter 2). 
To recapitulate sulphur cross-links vary in complex-
ity from the polysulphidic cross linkage and numerous main 
chain modifications in unaccelerated sulphur cured natural 
rubber to the predominantly monosulphidic cross linkages of 
TMTD sulphurless cured natural rubber. Conventional 
accelerated sulphur cured natural rubber contains a mixture 
of disulphidic and monosulphidic cross linkages. If the 
stocks are well cured, monosulphidic cross linkages will be 
predominant. 
Dicumyl peroxide cured natural rubber on the other 
hand contains only carbon to carbon cross linkages. 
Experiments were designed to investigate the influence 
of choice of vulcanizing system on the relative resistance 
of vulcanized natural rubber to microbiological deterioration. 
HETHODS AND MATERIALS 
A series of natural rubber compounds formulated w·i th 
different sulphur accelerating systems and curing agents were 
prepared as tensile sheets (Table 8.1, Appendix). Strips 
6" x 0.5" , .. ere cut from the sheet of vulcanized rubber and 
suspended in a Leeflang test bath. 
At two-monthly intervals over a period of eighteen 
months the strips of vulcanized rubber were removed from the 
test bath. The microbial activity of the organisms growing 
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oni the surface was determined by measuring the carbon dioxide 
evolution over a week, using Cornfield's method. 
After twelve months, representative strips of vulcan-
ized rubber were taken out of the test bath and the oxygen 
uptake by the micro-organisms growing at the expense of the 
polymeric material determined by WarburgMicrorespirometry. 
The experiment terminated after two years when the 
rubber samples were finally removed from the Leeflang test 
bath. The microbial growth was cleared from th~ surface 
with a damp cloth, and the extent of the microbiological 
deterioration estimated by visual inspection. 
Th t · 1 d' d . oven at 55 0 e s rl..ps w"ere pace l..n a vacuum ryl..ng 
C for 24 hours to remove the water from the vulcanized 
rubber. The increase in Hardness, and loss in tensile pro-
perties were measured as criteria of the extent of microbial 
attack. 
Details of the experimental methods are included in 
the preceding chapter. 
RESULTS AND DISCUSSION 
Cornfield's method 
The measurement of the carbon dioxide evolution per 
week by the micro-organisms respiring on the rubber surface 
revealed differences in the rate of microbiological deter-
ioration of the vulcanized natural rubber. 
The conventional accelerated sulphur cured natural 
rubber and the dicumyl peroxide cured natural rubber shol~ed 
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similar rates of carbon dioxide evolution. An exception 
was the N cyclohexylbenzothiazole 2 sulphenamide (CBS) 
accelerated sulphur cured natural rubber which had a reduced 
carbon dioxide evolution. Predictably, the TMTD sulphur-
less cured natural rubber showed a progressive reduction in 
the carbon dioxide output during the first fourteen months 
in the test bath. These results are illustrated in Figure 
8.1. 
The reason for the reduced susceptibility of the CBS 
accelerated sulphur cured natural rubber is not apparent as 
the cure characteristics are similar to the efficient MBTS 
accelerated sulphur cured natural rubber. A later 
experiment in this investigation showed that the vulcanizate 
possessed no inherent microbiocidal activity_ However, Cox 
and Shelton (1954) showed that N cyclohexyl 2 benzothiazolyl 
sulphenamide had antioxidant properties which possibly 
account for vulcanized rubber accelerated by it having in-
creased resistance to microbiological deterioration. 
On the surface of the TMTD sulphurless cured natural 
rubber was a substantial bloom of 'vhat 'vas later shown to be 
ZDMC. The accelerator residue was the major product of the 
curing process and it readily migrated to the surface, where 
it exerted a microbiocidal activity. 
Unaccelerated sulphur cured natural rubber supported 
a microbial population with an evolution of carbon dioxide 
intermediate between the conventional accelerated sulphur 
and the TMTD sulphurless cured natural rubber. 
Figure 8.1 
Figure 8.2 
Curing systems. 
Carbon dioxide evolved from the surface of 
strips of vulcanized natural rubber removed 
from a Leeflang test bath and measured at 
two-month intervals for a period of 18 months, 
using the Cornfield's Method. 
Curing systems. 
Oxygen uptake by micro-organisms growing at 
the expense of the polymeric material of 
standard sections of vulcanized natural rubber 
after 12 months in a Leeflang test bath, 
measured by Warburg microrespirometry. 
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Fig. 8.1 Curing Systems. Carbon dioxide evolved from the surface of strips 
of vulcanized natural rubber removed from a Leeflang test bath and. 
measured at two-month intervals for a period of 18 months, using 
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Warburg Microrespirometry 
Warburg microrespirometry, which is a more sensitive 
technique than the CornfieLd method, demonstrated that the 
dicumyl peroxide cured natural rubber was more susceptible 
to microbial attack than the conventional accelerated 
sulphur cured natural rubber, while the TMTD sulphurless 
cured natural rubber was even less susceptible to micro-
biological deterioration. The unaccelerated sulphur cured 
natural rubber had a very similar rate of uptake of oxygen 
by the organisms growing on the rubber surface (see Figure 
8.2) as the TMTD suTIphurless cured natural rubber, signi-
ficant at the 1% level (Table 8.2, Appendix). 
Visual Inspectioh of the rubber surface 
Visual inspection of the surface of the vulcanized 
natural rubber revealed the relative resistance of the 
different vulcanizates to microbiological deterioration. 
It was obvious that the peroxide cured natural 
rubber was the most susceptible and the TMTD sulphurless 
cured natural rubber the least susceptible to microbial 
attack. Although the unaccelerated sulphur cured natural 
rubber was not subjected to microbiological deterioration 
it was showing distinct signs of oxidative ageing. The 
deterioration of the other rubber samples ranged from 
superficial irregular deterioration of the eBS sulphur 
cured natural rubber to u hardened layer of deteriorated 
rubber on the surface of the DPG accelerated sulphur cured 
natural rubber. 
· . ~. - . , 
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A description of the surface of the deteriorated 
natural rubber is set out in Table 8.~. 
Table 8.3 
Visual inspection of the deteriorated vulcanized 
natural rubber surface after two years in the 
Leeflang Test Bath 
Type of natural 
rubber 
Dicumyl peroxide 
cured 
~rnT sulphur cured 
DPG sulphur cured 
CBS sulphur cured 
TMTD sulphurless 
cured 
Unaccelerated 
sulphur cured 
Description of the deter-
iorated rubber surface 
Marked reduction in cross-
sectional area, a hard 
irregular layer of deter-
iorated rubber 
Hard layer of deteriorated 
rubber, some areas of 
pitting 
Hard surface layer of 
deteriorated rubber, 
surface intact 
Irregular areas of deter-
ioration, but surface 
rubber-like 
Superficial areas of deter-
ioration, surface blooming 
of ZDMC 
No microbiological deter-
ioration, distinct signs 
of oxidative ageing, 
sulphur bloom and "water 
absorption 
Extent of the microbiological deterioration : 
Extreme +++, considerable ++, slight +, none o. 
Extent of 
the deter-
ioration 
+++ 
++ 
++ 
+ 
+ 
o 
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Loss in tensile properties 
The reduction of tensile properties reflected the 
extent of the microbiological deterioration of vulcanized 
natural rubber (see Table 8.4). 
The vulcanized natural rubbers which were 'considered 
most markedly deteriorated using microbial activity on the 
surface as the criterion, namely the dicumyl peroxide 
cured, and the conventional accelerated sulphur cured 
natural rubber, had losses in tensile strength greater than 
60% of the undeteriorated control. In contrast, the Tl'1TD 
sulphurless cured natural rubber retained considerably more 
of its tensile strength (42%). This ","as indicative of the 
inability of rubber deteriorating micro-organisms to 
colonize the rubber surface and proliferate at the expense 
of the polymeric material. 
An analysis of variance of the loss in tensile pro-
perties is contained in Table 8.5, Appendix). 
Increase in Hardness 
The layer of deteriorated natural rubber generally 
increased the Hardness of the rubber strip. 
The rubber deteriorating micro-organisms grow at 
the expense of the rubber hydro carbon, leaving the 
inorganic filler, accelerator derivatives and residual 
unconsumed rubber. 
The brittleness of vulcanized natural rubber deter-
iorated by micro-organisms was observed by Leeflang (1963) 
and Hills (1967). The reduction of calorific value of the 
Table B.!! Loss in tensile properties of vulcanized natural rubber after 
tw·o years in a Leeflang test bath 
Vulcanized Eat B % change Significance T.S. % change Significance 
rubber level level 
}1BTS Control 480 
- 4% N.S. 3970 -71% ** sulphur Deteriorated 450 1130 
MBT Control 560 
-38% ** 2870 -63% * sulphur Deteriorated 350 1000 
Dicumyl Control 450 
-31% ** 3090 -73% ** peroxide Deteriorated 310 850 
!=" 
IP 
DPG Control 450 3130 ~. .; :-
-49% ** -81% ** sulphur Deteriorated 230 600 
T1'-lTD Control 590 -17% * 3790 -42% ** 
sulphurless Deteriorated 490 2220 
NBTS/THTH Control 560 
-17% * 3120 -47% ** sulphur Deteriorated 470 1660 
deteriorated rubber compared to the undeteriorated rubber 
(see Chapter 12), which was the resu~t of micro-organisms 
depleting the rubber content of pipe-joint rings, was a 
parallel situation. The figures for the sulphur content 
suggested that sulphur cross-links were not lost 
concommittently with the surrounding rubber, and probably 
contributed to the increase in Hardness. 
In contrast, vulcanized rubber deteriorated by 
oxidatiye and heat ageing shows a loss in Hardness 
(Amerongen, 1955). 
The Shore A Hardness Durometer readings of the 
rubber surface above and below the water level are contain-
ed in Table 8.6. 
Table 8.6 
Increase in Hardness of microbiologically deteriorated 
vulcanized natural rubber strips after two years in a 
Leeflang Test Bath 
Type of vulcanized 
natural rubber 
TNTD sulphurless 
cured (4, phr) 
~1BTS sulphur cured 
Dicumyl peroxide 
cured (3 phr) 
DPG sulphur cured 
MBT sulphur cured 
CBS sulphur cured 
Shore A Hardness Units 
Surface above the Surface below the 
water level water level 
4,8 0 A 4,8 0 A 
500 A 54,°A 
4,4,°A 58°A 
52 0 A 56°A 
4,3 0 A 57°A 
54,°A 56°A 
--.-.,. 
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There appeared to be a correlation between the 
extent of the deterioration and the increase in Hardness 
for vulcanized natural rubber. The TMTD sulphurless 
cured rubber showed no increase in Hardness of the surface 
while the dicumyl peroxide cured rubber surface immersed 
in the water had a difference in 14 Shore A Hardness units 
from the surface exposed to the air. 
There is possibly too little difference in 
structural complexity in the conventional sulphur 
accelerated natural rubber to expect marked differences in 
susceptibility to microbiological deterioration. However, 
the presence of accelerator residues \'las shown to prevent 
the deterioration of MBTS accelerated sulphur cured 
natural rubber in pure culture experiments (Chapter 6). 
The hypothesis advanced by Dicl\:enson (1965, 1968) 
that oxidative scission of the hydrocarbon is necessary 
before the rubber deteriorating micro-organisms can grow 
at the expense of the polymeric material suggested that 
vulcanized natural rubber more resistant to oxidative age-
ing will be more resistant to microbiological deteriora-
tion. This assumption was not confirmed by the experi-
mental data. 
The sequence of oxidation of vulcanized natural 
rubber with different curing systems waS determined by 
McDonel and Shelton (1959). The order of susceptibility 
to oxidative ageing was unaccelerated sulphur cured > 
DPG sulphur cured > MBTS sulphur cured > MBT sul:phur 
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cured > CBS sulphur cured > dicumyl peroxide cured .)' 
TMTD sulphurless cured natural rubber as measured by oxygen 
0·· 
absorption at 90 C. 
The authors emphasized that the unaccelerated 
sulphur and DPG sulphur cured natural rubber with their 
predominance of polysullphidic cross-links are most rapidly 
oxidized; the conventional accelerated sulphur cured 
natural rubber with its predominance of disulphidic cross-
links have intermediate oxidation rates while the dicumyl 
peroxide and TNTD sulphurless cured natural rubber with 
its carbon-carbon and monosulphic cross-links has a 
relatlively sloW oxidation rate. 
The sequence of susceptibility to microbiological 
deterioration as shown by the criteria of the respiratory 
activity of the organisms growing on the rubber surface, 
biochemical oxygen demand test (Chapter 10), the loss in 
tensile properties, visual appearance, and increase in 
Hardness of the vulcanized natural rubber waS found to be 
dicumyl peroxide cured > MBT sulphur cured> DPG sulphur 
cured> MBTS sulphur cured > unaccelerated sulphur;-
cured ~ TMTD sulphurless cured natural rubber. 
The relative positions of the dicumyl peroxide 
cured and the unaccelerated sulphur cured natural rubber 
are transposed in this sequence compared w"i th the positions 
in the sequence of relative susceptibility to oxidative 
ageing. The dicumyl peroxide cured natural rubber which 
has an excellent oxidation resistance was readily subject 
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to microbiological deterioration. In contrast, the 
unaccelerated sulphur cured natural rubber lvhich is most 
susceptible to oxidative ageing was not attacked by micro-
organisms. 
However, the extraction of ZDMC from TMTD sulphur-
less cured natural rubber (Chapter 14) with a sodium 
hydroxide solution or acetone markedly increased the 
rubber's susceptibility to microbiological deterioration. 
This reinforces the view that the oxidative resistance of 
vUlcanizate is of less importance than the presence of 
sulphur cross-links and accelerator residues and sulphur 
in the extra network material. 
In conclusion, the choice of accelerating system 
was found to influence the rate of microbiological deter-
ioration of vulcanized natural rubber. Vulcanized 
natural rubber with carbon-carbon cross-links was consider-
ably more susceptible than sUlphur cross-linked natural 
rubber. The sequence of relative susceptibility suggested 
that the nature and complexity of the cross-linkages and 
especially the presence of residues 'vi th knOlVll micro-
biocidal activity in the extra network material were more 
important than the relative oxidation resistance of the 
vulcanized natural rubber in preventing the microbiological 
deterioration of the rubber. 
152 
ii. EFFECTS OF ANTIOXIDANTS ON THE MICROBIOLOGICAL DETER-
IORATION OF VULCANIZED NATURAL RUBBER 
INTRODUCTION 
Antioxidants and antiozonants are included in 
vulcanized rubber to prevent oxidative ageing and ozone 
attack of the rubber during its service life. However, 
oxidative ageing of natural rubber pipe-joint rings is not 
exp~cted as the absence of light, elevated temperatures 
and mechanical flexing and the moist conditions in under-
ground pipe-lines do not favour oxidation. Furthermore, 
ozone is not found in underground situations in the 
absence of ultra-violet radiation or electrical discharges. 
The permanency of vulcanized natural rubber in 
dark, wet environments was highlighted by the exposure of 
rubber expansion joints in a cast iron sewer at West Ham, 
London. These century-old rubber pipe-joint rings were 
described by Smee (1963), 'ITho detailed the retention of 
reasonable physical properties of the rubber as evidence 
of their durability. 
Dickenson (1965, 1968) postulated that Streptomyces 
spp. responsible for the deterioration of natural rubber 
pipe-joint rings 'ITere only able to degrade short chain 
fragments of the rubber hydrocarbon arising from chain 
scission during oxidation. He claimed that the inclusion 
of antioxidants not readily leached from the surface in 
vulcanized natural rubber would protect the rubber from 
microbiological deterioration. 
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The aim of this part of the investigation was to 
demonstrate the validity of Dickenson's hypothesis. 
REVIEI\f OF LITERATURE 
The literature contains very few references to the 
effects of antioxidants on the rate of microbiological 
deterioration of hydrocarbons. 
The bacterial properties of commercial oxidation 
inhibitors used in petroleum motor fuel were noted by 
Allen (19~5). These compounds prevented the initial 
peroxidation of petrol associated with gum formation. 
Catechol, beta naphthol, N n butyl p-aminophenol and cresol 
concentrated at the petrol-,,,"ater interface in storage 
tanks where they exerted their bactericidal activity 
decreasing the microbial formation of peroxides and gum 
and the precipitation of tetraethyl lead. 
Winner (1957) reported that beta naphthol, o-totyl 
diquanidine and zinc dimethyl dithiocarbamate have 
bactericidal as well as antioxidant activity ',,"hile beta 
naphthyl p-phenylene diamine and acetone aniline have only 
antioxidant activity. 
Antioxidants could protect vulcanized natural rubber 
from microbiological deterioration by : 
1. Preventing the chemical oxidation of the rubber 
hydrocarbon; 
2. Acting as a microbiocidal agent; or 
3. interfering with the enzymic degradation of the 
natural rubber by the deteriorating micro-
organisms. 
These alternative roles of antioxidants in prevent-
ing microbiological deterioration of vulcanized natural 
rubber will be critically examined. 
The first alternative is essentially the view of 
Dickenson (1965, 1968). Most natural rubber formulations 
currently used by rubber technologists are resistant to 
oxidative ageing at ambient temperatures. Low sulphur 
levels, judicious choice of accelerating systems and the 
inclusion of antioxidants and carbon black prevent oxidative 
ageing. The absence of light, ozone and elevated temper-
atures in pipe joints in an underground pipe-line makes 
oxidative ageing an unlikely occurrence. 
The inclusion of antioxidants in rubber formulated 
for use as pipe-joint rings is largely to enable the 
rubber rings to comply with the standard specification, 
especially the retentio~ of the tensile properties after 
the heat ageing test (New Zealand Standard 1311:1957). 
The possible microbiocidal activity of antioxidants 
and antiozonants requires consideration. The mode of 
action of fungicides was recently reviewed by Kaars 
Sijpesteijn and Van der Kerk (1969). The major respira-
tory pathways in living organisms are glycolysis, the 
oxidation of pyruvate to carbon dioxide via the tricarboxy-
lic acid cycle, the electron transfer via flavin enzymes 
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and the cytochromes and the oxidative phosphorylation with 
the formation of energy rich adenosine nucleotide 
triphosphate (ATP). 
The group of fungicides termed thiol reagents such 
as N trichloromethyl thiol 4 cyclohexene 1,2 dicarboximide 
(captan), disodium ethylene bis dithiocarbamate (Nabam) 
and phenyl mercuric acetate inhibit sites which control the 
respiratory activity of glycolysis such as the enzynie 
glyceraldehyde 3-phosphate dehydrogenase and Coenzyme A. 
The dialkyl dithiocarbamates, e.g. TMTD and ZmIC, inhibit 
the lipoic acid system in the oxidation of pyruvate. 
Phenolic compounds, such as 2,4 dinitro phenol, are 
uncoupling agents of the electron transport system. They 
dissociate the hydrogen transfer reaction from the genera-
tion of high energy phosphate. 
The compound p-phenylene diamine has the ability of 
rapidly reducing cytochrome C and is oxidized by the 
cytochrome oxidase system (Slater, 1949). A recent 
example of a fungicidal amine compound is the inhibition of 
respiratory activity of conidia of Microsporum gypseum by 
Pyrrolnitrin. In mitochondrial preparations pyrrolnitrin 
inhibited the rotenone sensitive NADH-cytochrome C 
reductase (Wong, et ale 1971). It seems probable that 
antioxidants and antiozonants which are p-phenylene diamine 
derivatives will act as resonance stabilized competitive 
inhibitors of the cytochrome oxidase system. This is 
attractive since the cytochromes in Actinomycetes were 
determined quantitatively by Taptykora, Kalakoutskil and 
Agre (1969) who reported that the organisms they studied 
possessed cytochromes A, Band C; their absorption maxima 
were found at 600"')1, 567""11 and 555 '"I' respectively. 
Although some compounds with known antioxidant 
activity are microbiocides, antioxidants and antiozonants 
developed expressly to protect vulcanized natural rubber 
from oxidative ageing are not likely to be effective 
microbiocides. 
The third alternative 'vas argued by Leeflang (1968) 
who believed that an initial oxidation of the rubber hydro-
carbon is unnecessary as it may well be attacked by exo-
enzymes produced by Streptomyces sp. Chemical and 
microbial oxidation may be prevented equally by the inclusion 
of antioxidants in vulcanized natural rubber. As the 
mechanism of rubber degradation by Actinomycetes has not 
been described other than in terms that it is an oxidative 
process further speculation would be unprofitable. 
~fIGRATION OF ACCELERATORS AND ANTIOXIDANTS IN VULCANIZED 
RUBBER 
INTRODUCTION 
If compounding ingredients such as accelerators, 
accelerator residues, antioxidants and microbiocides are 
to protect vulcanized natural rubber from microbiological 
deterioration they must persist at the rubber surface. 
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REVIEW OF LITERATURE 
The migration of compounding ingredients to the 
surface from where they may volatilize or be leached away 
depends on the solubility and dispersion of the compounds 
in the vulcanized rubber. 
Wake (1958) lists a number or organic compounds 
reported as surface blooms on rubber. These include 
sulphur, stearic acid, the accelerators MBT and TMTD and 
antioxidants phenyl, beta naphthylamine and diphenyl 
p-phenylene diamine. 
A substance ,,,,hich blooms must have a limited 
solubility in the rubber and be present in excess of this 
level. The mechanisms of blooming of crystalline substance 
was described by Wake (1958). 
Crystallizing as discrete particles in the bulk of 
the rubber, local strain is set up resulting in a pressure 
increased solubility of the substance. At the free 
surface crystals form without distortion of the rubber, 
thus the solubility will be unaffected. As the free energy 
of crystallization will be less at the surface than in the 
bulk of the rubber there will be a concentration gradient 
of the dissolved material which will cause diffusion from 
inside towards the surface. This will persist until all 
the material crystallized in the polymer has dissolved under 
the influence of pressure and diffused to the surface. 
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In typical rubber formulations, accelerator and 
antioxidants migrate to the surface. Lewis, Deviney and 
Whittington (1968) measured the diffusion of TMTD, MBTS, 
three phenolic antioxidants and the antioxidant phenyl 
alpha naphthylamine in vulcanized rubber. 
Migration was most rapid in polybutadiene, followed 
by natural rubber and least in styrene butadiene rubber. 
The methyl and benzene side groups in the latter two 
polymers result in low diffusion rates of the accelerators 
and antioxidants. The rate of diffusion was higher at 
o 0 100 C than 75 c. 
Two papers appeared in the literature on the loss of 
bacteriostats from injection fluids in rubber-closed con-
tainers. The partition ratio was calculated for a number 
of bacteriostats between the fluid contained in the 
injection phial and the rubber closure. Royce and Sykes 
(1957) found the approximate percentage distribution of 
alpha naphthol between rubber and water was 85% and 15%. 
The diffusion of substances from the rubber closures into 
the injection fluid ,,,"as also noted by \,..ring (1958) ',,"ho 
detected zinc sulphide, MBT, an antioxidant and sulphur in 
the fluid. 
Recent work by Ledwith and Iles (1968) demonstrated 
that phenyl beta naphthyl amine was extracted from black 
loaded neoprene by solutions containing a variety of animal 
plant and microbial lipids. They claimed that the anti-
oxidant formed charge transfer complexes with naphtho-
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quinones such as vitamin K derivatives present in the 
lipid extracts. 
The water leaching of the antiozonant isopropyl 
phenyl phenylene diamine (IPPD) was found by Latos and 
Sparks (1969) to be the most rapid of a range of other 
commercially available antioxidants and antiozonants. 
The amount of antioxidant lost from vulcanized rubber l"as 
inversely related to the pH of the water and the molecular 
weight of the compound. Ozone attack prior to extraction 
did not alter the extent of the antioxidant loss. 
The susceptibility of natural rubber pipe-joint 
rings in underground pipe-lines to microbiological deter-
ioration was attributed by Dickenson (1968) to the loss of 
protective antioxidant through leaching from the rubber 
surface. If this is so, then antioxidants which are less 
readily leached from vulcanized rubber will be superior in 
protecting the rubber from microbial attack. 
Since the work of Dickenson (1968) technological 
advances have resulted in the development of t\vO new 
p-phenylene diamine antioxidants N 1,3 dimethyl butyl, 
N1 phenyl p-phenylene diamine (Santoflex 13, Monsanto) and 
N N1 di (1,4 dimethyl pentyl) phenyl p-phenylene diamine 
(Santoflex 77, Monsanto Company) lvhich the manufacturers 
claim have a high resistance to leaching. Also a network 
bound antioxidant lvhich should overcome the problem of 
water leaching was developed by Cain et al. (1968). Here 
the reaction of a substituted aromatic nitroso compound 
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(nitroao diphenylamine) with the rubber forms network 
bound p-phenylene diamine residues which act as effective 
antioxidants. These antioxidants should prove to be 
superior to less recently developed antioxidants in prevent-
ing the microbiological deterioration of vulcanized natural 
rubber. 
METHODS AND l''lATERIALS 
The follmving experimental procedure was adopted to 
investigate the influence of antioxidants and antiozonants 
on the microbiological deterioration of vulcanized natural 
rubber. 
A conventional accelerated sulphur cured natural 
rubber containing a series of commercially available anti-
oxidants and antiozonants (1.5 phr) was press vulcanized 
as tensile sheets and strips cut from these sheet included 
in a Leeflang test bath (Table 8.'1~ vulcanized natural 
rubber series 1, number 7). 
The carbon dioxide evolved by the micro-organisms 
on the rubber surface at two-monthly intervals for eighteen 
months, oxygen uptake after twelve months, the visual 
appearance of the rubber and loss in tensile properties 
after two years in the test bath were measured as criteria 
for the microbiological deterioration of the vulcanized 
rubber. 
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RESULTS AND DISCUSSION 
Cornfield's method 
The carbon dioxide evolution by the micro-organisms 
on the rubber surface showed the progress of the micro-
biological deterioration of vulcanized natural rubber con-
taining antioxidants and the pro-oxidant copper sulphate 
compared with the control containing no antioxidant. 
The presence of the pro-oxidant copper sulphate 
markedly increased the carbon dioxide evolution while the 
antioxidants least susceptible to leaching - Santoflex 13 
(Monsanto) and a polymerized 2 4 trimethyl 1,2 dihydro-
quinoline (Flectol H, Monsanto) - decreased the micro-
biological deterioration compared with the control. 
All the antioxidants suppressed the microbial 
activity during the first eight months compared with the 
control, but the protection afforded by the antioxidants 
IPPD, 22' methylene bis (4 methyl 6 beta methyl cyclohexyl 
phenol (Nonox WSP, ICI) and phenyl beta naphthylamine (PBN) 
,.,as lost after this length of time in the test bath. 
This is shown in Figure 8.3. (Table 8.7, Appendix). 
Warburg Microrespirometry 
The results of the Warburg microrespirometry experi-
ments reinforced these findings. The presence of copper 
resulted in massive chemical oxidation of the rubber. The 
inclusion of Nonox WSP, IPPD, and the networl~ bound anti-
oxidant nitroso diphenylamine (NDPA) had little or no 
Figure 8.3 Antioxidants 
Carbon dioxide evolved from the surface of 
strips of vulcanized natural rubber containing 
1.5 phr of antioxidant removed from a Leeflang 
test bath and measured at two-month intervals 
for a period of 18 months, using Cornfield's 
Method. 
Figure 8.4 Antioxidants 
Oxygen uptake by micro-organisms growing at 
the expense of the polymeric material of 
standard section of vulcanized natural rubber 
containing 1.5 phr of antioxidant after 12 
months in a Leeflang test bath, measured by 
Warburg microrespirometry. 
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Fig. 8.4 Antioxidants. Oxygen uptake by microorganisms growing at the 
expense of the polymeric material of standard section of vulcanized 
natural rubber containing 1.5 phI' of antioxidani; after 12 months in 
11 Leeflang test bath, measured by ;','arburg microrespirometry. 
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ef'f'ect on the rate of' oxygen uptake compared l'li th the con-
trol. lVhereas natural rubber containing Santof'lex 77, 
F1ecto1 H and Antioxidant 4010 (Bayer) were less suscept-
ible to microbiological deterioration compared with the 
control containing no antioxidants. 
shown in Figure 8.4. 
These results are 
An analysis of' variance of' this data is contained 
in Table 8.8, Appendix). 
Less in tensile properties 
The tensile properties' measurements l'lere the most 
dramatic demonstration of' the relative resistance of' 
vulcanized natural rubber containing a range of antioxidants 
and antiozonants. 
Table 8.9 contains the data of the loss in tensile 
properties of the natural rubber samples, with the 
exception of' the sample containing a solid acetone-diphenyl-
amine condensation product (Nonox B, Imperial Chemical 
Industries) where the loss in tensile strength was most 
marked in the control containing no antioxidant. 
Two groups of antioxidants were noted; vu1canizates 
containing NDPA, IPPD and PBN were not significantly 
dif'ferent while Santoflex 77, Santof1ex 13, Antioxidant 
4010, F1ecto1 H, Nonox NSP and Santof1ex 217 were signifi-
cantly different from the control (significant at the 1% 
level, Table 8. 10, Appendix). 
The sequence of most to least effective antioxidant 
in preventing the loss in tensile strength during two 
Table 8.2- Retention of tensile properties after two years in a LBeflang test bath. 
Elongation at break TensiLe strength 
Antioxidants Eat B % change Significance T.S. % change Significance 
level level 
No antioxidants 
Control 570 
-18% * 3130 -48% ** Deteriorated 470 1650 
Santoflex 77 
Control 590 
-12% ** 3220 -27% ** Deteriorated 520 2540 
Santoflex 13 
Control 540 7% N.S. 2610 4% N.S. Deteriorated 500 - 2500 -
Antioxidant 4010 
Control 580 9% ** 2870 -19% N.S. Deteriorated 530 - 2330 I-" 0'\ 
Flectol H I-" III 
Control 540 9% N.S. 2710 -18% **. Deteriorated 490 - 2220 
Nonox 1vSP 
Control 520 
- 2% N.S. 2640 -20% N.S. Deteriorated 510 2120 
PBN Control 550 
-11% ** 2610 -26% 
! :: 
Deteriorated 490 1920 N.S. 
NDPA Control 510 4% N.S. 2600 -28% * Deteriorated 490 - 1860 
Santoflex 217 
Control 610 
-20% * 3190 
-35% ** Deteriorated 490 2060 
IPPD Control 580 
-19% ** 3120 -44% ** Deteriorated 470 1760 
--" " 
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years' exposure to the deteriorating environment of the 
Leeflang test bath was Santoflex 77 > Antioxidant 4010 > 
Santoflex 13 ;;, Flectol II .", Nonox l"SP ~ Santoflex 217 
PBN :> IPPD >' NDPA ':;> Control ~ Nonox B. 
The claim of Dickenson (1965, 1968) that the 
inclusion of antioxidant not readily leached from the 
surface in vulcanized natural rubber would protect the 
rubber from microbiological deterioration was verified. 
However, that the network bound antioxidant Nitroso 
diphenylamine ''TaS ineffective in preventing microbial attack 
although it protected the vulcanized natural rubber from 
chemical oxidation (Cain, et al. 1968) suggests that anti-
oxidants interfere with the physiological activity of the 
rubber deteriorating micro-organisms and not solely prevent 
the prior oxidative ageing of the vulcanized rubber which 
Dickenson (1965, 1968) believed was necessary before 
Streptomyces sp. were able to degrade the polymeric 
material. 
INTEl1ACTION BETHEEN ANTIOXIDANTS AND HIGH SULPHUR LEVEL 
INTRODUCTION 
The interaction between antioxidants and high sulphur 
levels and its effect on the microbiological deterioration 
of vulcanized rubber ,,,as investigated in a NBTS accelerated 
sulphur cured natural rubber. 
METHODS AND MATERIALS 
The persistent antioxidant Santoflex 13 (~lonsanto) 
was included in vulcanizates containing 2.5, 5 and 10 phr 
of sulphur respectively (Vulcanized natural rubber, 
Series 1, number 1). The same experimental procedure was 
adopted as outlined in Chapter 7. 
RESULTS AND DISCUSSION 
The presence of the antioxidants suppressed the 
microbial activity on the rubber surface as measured as 
the carbon dioxide evolved per week. 
out in Figure 8.5. 
This result is set 
Increased sulphur levels decreased the microbial 
activity. The vulcanized natural rubber containing 5 phr 
of sulphur supported a population of micro-organisms 
respiring at half the level of the 2.5 phr sulphur level. 
The carbon dioxide evolved from the surface of the rubber 
formulated with 10 phr of sulphur was diminished markedly 
during the first six months in the test bath and increased 
rapidly after this period to an amount below that of the 
control (Figure 8.6). 
An interaction between the antioxidant and higher 
sulphur level Was demonstrated by the results given in 
Figure 8.7, the natural rubber containing an antioxidant 
and 5 phr of sulphur was most effective. Probably the 
highest sulphur level was less effective because the rapid 
Figure 8.5 Antioxidants 
Carbon dioxide evolved from the surface of 
strips of vulcanized natural rubber containing 
1.5 phr of Santoflex 13 and Santoflex 77 
(Monsanto) removed from a Leeflang test bath, 
measured at two-month intervals for a period 
of 18 months using Cornfield's method. 
Figure 8.6 Sulphur level 
Carbon dioxide evolved from the surface of 
strips of vulcanized natural rubber containing 
2.5, 5 and 10 phr of sulphur removed from a 
Leeflang test bath and measured at two-month 
intervals for a period of 18 months, using 
Cornfield's method. 
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vulcanized natural rubber containing 1.5 phr of Santoflex 13 and 
Santoflex 77 (Monsanto) removed. from a J.Jeeflang test bath, measured 
at two-month intervals for a period of 18 months using Cornfield's 
Method. 
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Fig. 8.6 ~ur Leve1. Carbon dioxide evolved from the surface of strips of 
vulcanized natural rubber containing 2.5, 5 and 10 phr of sulphur 
removed from a Leeflang test bath and measured at two-month interva1s 
for a period of 18 months, using Cornfield's method. 
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blooming of sulphur to the surface carried the antioxidant 
from the vulcanized rubber and it ,,'as lost from the 
surface by leaching. 
Analyses of variance of this data are contained in 
Table 8. 11 , Appendix. 
The criterion of the loss in tensile properties' 
measurements confirmed the relative resistance of the 
vulcanized natural rubber to microbiological deterioration. 
The effects of the presence of an antioxidant were signifi-
cant at the 5% level, higher sulphur content significant 
at the 1% level and the interaction between the presence or 
in antioxidant and a higher sulphur content was significant 
at the 1% level. Details of the analysis of variance can 
be found in Table 8.12, Appendix. 
The presence of the leaching resistant antioxidant 
Santoflex 13 (Monsanto) in the MBTS sulphur cured natural 
rubber (2.5 and 5 phr sulphur) increased the resistance of 
the vulcanizate to microbiological deterioration compared 
with the samples without the antioxidant. A notable 
feature was that after two years in the test bath the 
tensile strength of the vulcanized rubber containing 5 phr 
of sulphur was greater than the control samples. 
Apparently the immersion in the test bath reduced the 
oxidative ageing of the vulcanizates, probably by the lower 
temperature and lower availability of oxygen of the sub-
merged rubber surface. However, the vulcanizate appeared 
more susceptible to microbiological deterioration than the 
Figure 8.7 Sulphur and Antioxidant Interaction 
Carbon dioxide evolved from the surface of 
strips of vulcanized natural rubber contain-
ing 2.5, 5, 10 phr of sulphur and Santoflex 
13 (Monsanto), removed from a Leeflang test 
bath and measured at two-month intervals for 
a period of 18 months, using Cornfield's 
method. 
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Sulphur and Antioxidant Interaction 
Carbon dioxide evolved from the surface of 
strips of vulcanized natural rubber contain-
ing 2.5, 5, 10 phr of sulphur and Santoflex 
13 (Monsanto), removed from a Leeflang test 
bath and measured at two-month intervals for 
a period of 18 months, using Cornfield's 
method. 
corresponding MBTS/TIvlT1<l sulphur cured natural rubber 
containing Santoflex 13. 
MECHANISM OF ACTION OF ANTIOXIDANTS IN PREVENTING THE 
MICnOBIOLOGICAL DETERIORATION OF NATURAL RUBBER 
INTRODUCTION 
The mechanism by '''hich antioxidants prevent the 
microbial attack of natural rubber is undefined. The 
foliowing experiment was designed to elucidate this mechanism. 
METHODS AND I<1ATERIALS 
Duplicate plates of natural rubber latex agar and 
potato dextrose agar with and without 500 ppm of IPPD were 
inoculated with two rubber deteriorating micro-organisms -
the grey circular sporulating and yellow colonies (Chapter 4). 
After one week's incubation at 300 C the PDA plates were 
inspected. 
RESULTS AND DISCUSSION 
The organisms were growing profusely on the plates 
without the antioxidant, but scantly on the plates contain-
ing the antioxidant. 
Similarly, after two weeks the colonies were actively 
clearing the latex agar containing no antioxidant but had 
not proliferated on the latex agar containing IPPD. 
Despite the statement by Rytch (1969) that little 
information on the microbiocidal properties of antioxidants 
was available 'when he reviewed the literature, these 
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observations made it possible to design the antioxidant 
IPPD with a microbiostatic activity, but a more extensive 
investigation would be required before the mode of action 
of the antioxidants in preventing microbial attack of 
vulcanized natural rubber is understood. 
iii. EFFECTS OF MICROBIOCIDES ON THE MICROBIOLOGICAL 
DETERIORATION OF VULCANIZED RUBBER 
INTRODUCTION 
As often greater emphasis has been placed on the 
prevention of unsightly fungal growth on rubber surfaces 
than the microbial degradation of the polymeric material 
fungicides have been developed for the inclusion in the 
formulation of vulcanized rubber to prevent surface growth. 
Generally, these fungicides have proved to be 
ineffective in preventing the microbiological deterioration 
of vulcanized rubber, especially in environments l"here the 
rubber is exposed to leaching. 
REVIm{ OF LITERATURE 
Reviews of this topic have appeared recently (Heap, 
Hueck-van der Plas, 1966, and Rytych, 1969). 
The choice of a microbiocide to protect vulcanized 
rubber against microbiological deterioration must be·a 
compromise. Heap (1965) listed some of the requirements 
of a microbiocide for its successful use in vulcanized 
rubber 
1. The microbiocide should be compatible" with the 
polymer. 
2. It should have low volatility and good heat 
stability to prevent it being lost during 
vulcanization. 
3. It should have no effect on the physic properties 
of the vulcanized rubber. 
4. It should be chemically inert so that it is not 
inactivated by other compounding ingredients. 
5. It should be resistant to leaching. 
6. The microbiocide should not be hazardous to 
health. 
An early investigation into suitable fungicides for 
vulcanized rubber was undertaken by Stief and Boyle (1947) 
who tested copper naphthenate, pyridyl mercuric stearate, 
salicyl anilide, pentachlorophenol and 2,2' methyl bis 
(4 chlorophenol). Copper naphthenate was found to be 
unsuitable as it caused rapid deterioration of vulcanized 
rubber, but the other compounds were compatible with the 
polymer. 
In a review of the use of fungicides to protect 
organic materials from fungal attack Bakanauskas and Prince 
(1955) recommended the use of dihydroxyl dichlorodiphenyl 
methane in vulcanized natural rubber. 
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Uncompounded raw neoprene lvas found by Ri tzinger 
(1959) not to support fungal growth. Compounded neoprene 
containing stearic acid caused the germination and slight 
growth and sun-checking waxes heavy growth of spores of six 
common fungi sprayed on the rubber surface. Effective 
fungicides included copper 8 quinolinolate and a para-
chloro metazylenol derivative. However, pentachlorophenol, 
a mixture of zinc mercaptobenzothiazole and zinc naphthenate 
and N trichloromethyl thiol-4-cyclohexene - 1, 2 dicarboxi-
mide were ineffective. A plasticiser butyl carbitol 
formal (TP90B~ Thiokol Corp.) was found to suppress fungal 
gro"\'rth. 
Experiments designed to gauge the relative resist-
ance of different vulcanized rubbers to microbiological 
deterioration highlighted the leaching of microbiocides 
from the rubber surface. Leeflang (1963) included a number 
of strips of vulcanized natural rubber containing a range 
of fungicides in his test bath. He found that 2,2'-methy-
lene bis (4 chlorophenol), p dichlorobenzene, 2,2'-dioxy 
5,5'-dichlorodiphenylmethane, thymol, a substituted glycol, 
and a quaternary ammonium salt were ineffective in prevent-
ing microbial attack of the rubber as they were apparently 
leached from the rubber surface. 
There are many instances of chemical companies 
reco~nending one of their Ol~ general purpose vungicides 
for the use in vulcanized natural rubber. In contrast, 
Hofman (1962) recommended the use of Antimylcotil(um A (Bayer) 
a fungicide especially developed for the use in vulcanized 
natural rubber. This fungicide is apparently a mixture 
of 0- and p-benzylphenol, salicyl anilide, and tetramethyl 
thiuram disulphide. 
In a survey of commercial products used to protect 
different materials against biological deterioration Hueck-
van der Flas (1966) recommended copper 8 quonolinolate, 
tributyl tin derivatives, phenyl mercury acetate, 
N trichloromethyl thio-4-cyclohexane 1,2-dicarboximide 
and N trichloro methylthiophthalimide for the use in 
vulcanized rubber. 
How"ever, copper 8 quinolinolate is unsui table for 
incorporation in vulcanized natural rubber while micro-
biocides such as organic mercury compounds cannot be used 
in pipe-joint ring formulations for the sealing of water 
mains because of their toxicity. 
Using the Leeflang test bath, Hills (1967) found 
that a mixture of zinc mercaptobenzothiazole and zinc 
dimethyl dithiocarbamate, the laurylpyridinium salt of 
5-chloro 2-mercaptobenzothiazole and a quaternary ammonium 
salt protected the surface of vulcanized natural rubber 
from microbiological deterioration. The fungicides 
N trichloromethyl thiol-4-cyclohexane 1, 2-dicarboximide, 
o-benzyl-p chlorophenol, tributyl tin salicylate, 2,4 
dichlorophenol, benzyl benzoate, thymol, p-dichlorobenzene, 
p-nitrophenol, and tributyl tin acetate were ineffective. 
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Hills (1967) also reported that surface chlorination 
prevented the microbiological deterioration of the 
vulcanized natural rubber. 
The conclusion that can be reached is that certain 
fungicides are adequate for the protection of vulcanized 
rubber from fungal contamination of the surface under humid 
conditions. Serious doubts about their adequacy for the 
protection of vulcanized natural rubber from microbiological 
deterioration 'when the rubber is exposed to leaching in 
water must be expressed. 
METHODS AND MATERIALS 
To investigate the role microbiocides play in the 
protection of vulcanized natural rubber from microbiological 
deterioration rubber strips containing microbiocides were 
included in a Leeflang test bath. (Vulcanized natural 
rubber, Series 1, number 7). 
The microbiocides were 2,2'-methylene bis (4 chloro-
phenol) (G-4 Technical, May and Baker Ltd.); a mixture of 
0- and p-benzylphenol, salicyl anilide and tetramethyl 
thiuram disulphide (Antimylcotikum A, Bayer); 2,3,5,6 tetra-
chloro-4(methyl sulphonyl) pyridine (SA1013, Dow Corp.) and 
the plasticizer butyl carbitol formal (TP90B, Thiolcol Corp.). 
The effect of surface chlorination and ozone attack 
of vulcanized natural rubber was determined. Chlorination 
was achieved by the following procedure. The rubber was 
washed clean and immersed in a chlorinating solution con-
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sisting of 20 parts of a hypochlorite domestic bleaching 
liquor (Janola, Ricketts and Coleman (N.Z.) Ltd.), 6 parts 
of concentrated'hydrochloric acid and 74 parts of water for 
four seconds. The chlorinated surface was rinsed with 
water, and dried. The strips of surface chlorinated 
vulcanized natural rubber were included in the Leeflang 
test bath. The surface of strips of vulcanized natural 
rubber was exposed to one ppm of ozone for three hours at 
390 C in an ozone cabinet. The rubber samples were not 
under extension to encourage surface cracking during the 
ozone attack, hence the ozone attack was confined to the 
surface layer. 
The same criteria of microbiological deterioration 
''lere used as in the investigation of the effects of 
accelerator system and antioxidants. 
Carbon dioxide evolution from the rubber surface 
was measured at two-monthly intervals for eighteen months 
and the oxygen uptake of the micro-organisms growing at 
the expense of the polymeric material was determined after 
twelve months in the test bath. 
The rubber strips were removed after two years, the 
cleaned surface inspected, and loss in tensile properties 
compared with controls. 
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RESULTS AND DISCUSSION 
The measurement of the carbon dioxide evolved by 
the micro-organisms respiring on the rubber surface 
demoristrated the limited protection afforded by the 
incorporation of the microbiocides tested in the vulcaniz~d 
natural rubber. Carbon dioxide evolution was less than 
that of the control without the microbiocide during the 
first six months in the test bath. After ten months the 
carbon dioxide evolution, as shown in Figure 8.8, 1'laS 
greater from the micro-organisms on the rubber containing 
the microbiocides. Presumably, the microbiocides were 
lost from the rubber surface after six months' exposure 
to a flow of potable water. A statistical analysis of 
the data showed no significant difference between the 
treatments. 
This view was reinforced by the results of the 
Warburg microrespirometry experiments. Figure 8.9 shows 
that none of the microbiocides tested prevented the 
respiration of micro-organisms on the rubber surfaces. 
The inclusion of the plasticizer t \'lhich \'las alleged to 
produce formaldehyde by the gradual hydrolysis of the butyl 
carbitol formal (Heap, 1965), markedly increased the oxygen 
uptake, significant at the 5% level. The rapid dilution 
of the formaldehyde in the surrounding water probably led 
to the plasticizer butyl carbitol supporting microbial 
growth. 
Figure 8.8 Microbiocides 
Carbon dioxide evolved from the surface of 
strips of vulcanized natural rubber contain-
ing 2 phr of microbiocide removed from a 
Leeflang test bath and measured at two-month 
intervals for 18 months using Cornfield's 
method. 
Figure 8.9 Microbiocides 
Oxygen uptake by micro-organisms growing at 
the expense of the polymeric material of 
standard section of vulcanized natural rubbe: 
containing 2 phr of microbiocide after 12 
months in a Leeflang test bath, measured by 
Warburg microrespirato~y. 
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Fig. 8.8 Microbiocides. Carbon dioxide evolved from the surface of -strips of 
vulcanized natural rubber containing 2 phr ·of microbiocide removed 
from a Leef'lang test bath and measured at two-month intervals for 
18 months using Cornfield's method. 
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The changes in tensile properties of vulcanized 
natural rubber containing microbiocide are shown in 
Table 8.13. 
The inclusion of the microbiocides slightly reduced 
the retention of tensile strength of the shelf aged 
controls (approximately a 10% loss in tensile strength). 
All the rubber samples containing the microbiocides retained 
more of their tensile strength than the control without a 
microbiocide after two years in the test bath. 
the microbiocides tested were less effective than the anti-
oxidants. 
An analysis of variance of the data is contained in 
Table 8.14, Appendix. There was no significant difference 
in the tensile strength of the vulcanizates containing no 
microbiocide anda m~crobiocide after two years in the 
Leeflang test bath. This indicated that the microbiocides 
tested were ineffective in preventing the microbiological 
deterioration of vulcanized natural rubber when exposed in 
a Leeflang test bath. 
Surface chlorination of the rubber strips depressed 
the carbon dioxide evolution by micro-organisms on the 
rubber surface. Figure 8.10 shows the carbon dioxide 
evolved per weel( from MBTS/T:MTM sulphur cured natural rubber 
containing dichlorophene, Santoflex 13 and the control 
without microbiocide or antioxidant and the effect of 
surface chlorination on this evolution. 
fie ant at the 5% level). 
(Treatment signi-
Figure 8.10 Surface Chlorination 
Carbon dioxide evolved from the surface of 
strips of vulcanized natural rubber contain-
ing dichlorophene (2 phr) or Santoflex 13 
(1.5 phr) and the effect of surface chlorina-
tion of this evolution. The strips were 
removed at two-month intervals during an 
18 months' period from a Leeflang test bath 
and the carbon dioxide evolved measured by 
Cornfield's method. 
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Figure 8A10 Surface Chlorination 
Carbon dioxide evolved from the surface of 
strips of vulcanized natural rubber contain-
ing dichlorophene (2 phr) or Santoflex 13 
(1.5 phr) and the effect of surface chlorina-
tion of this evolution. The strips 'vere 
removed at t,vo-month intervals durins; an 
13 months' period from a Leeflang test bath 
and the carbon dioxide evolved measured by 
Cornfield's method. 
Table 8.1:2_ Loss in tensile properties of vulcanized natural rubber containing 
microbiocides after two years in a Leeflang test bath 
Nicrobiocides Eat B % change Significance T.S. % change Significance 
level level 
NO Control 560 3130 
-16% * 1660 -47% ** Nicrobiocide Deteriorated 470 
Dichlorophene Control 580 9% N.S. 2710 -29% * Deteriorated 530 - 1930 
Antimykotikum Control 570 
-10% * 2890 -30% ** A Deteriorated 510 2040 
SA1013 Control 570 
-14% ** 2910 -32% .** 
..... 
Deteriorated 490 1960 -oJ ~ 
TP90B Control 550 
-20% ** 2900 -41% ** Deteriorated 440 1710 
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However, ozone attack of the rubber surface had 
little or no effect on the carbon dioxide evolved by the 
micro-organisms on the surface. 
cant at the 5% level). 
(Treatment non-signifi-
An analysis of variance of the data is contained in 
Table 8.15, Appendix. 
It would appear that the addition of bulky chlorine 
atoms to the double bonds of the rubber hydrocarbon pro-
tects the surface from microbial attack. The surface of 
vulcanized rubber treated with chlorine was without 
blemish after two years in the test bath. 
The microbiocides tested were suitable for the 
inclusion in natural rubber formulations as they had a 
limited effect on the physical properties of shelf aged 
vulcanized natural rubber. Their presence delayed the 
colonization of the rubber surface by micro-organisms and 
initially protected the vulcanized rubber from deterioration. 
The least effective ,.,ras the plasticizer TP90B I which 
supported the respiratory activities of the micro-organisms 
on the rubber surface. 
Surface chlorination was more effective than 
microbiocides in preventing the microbiological deteriora-
tion of the rubber surface and possibly had the additional 
advantage of preventing the leaching of compounding 
ingredients, such as antioxidants, from the surface of the 
chlorinated rubber. 
The finding that ozone attack of the surface of 
vulcanized natural rubber did not increase the rate of 
microbiological deterioration, and using carbon dioxide 
evolution from the rubber surface as the criterion tended 
to reinforce the view that antioxidants protect the 
polymeric material from microbial attack by their inter-
action with the rubber deteriorating micro-organisms. 
iv. EFFECTS OF CARBON BLACK REINFORCING AGENTS AND INORGANIC 
DILUTENTS ON THE MICROBIOLOGICAL DETERIORATION OF 
VULCANIZED NATURAL RUBBER 
INTRODUCTION 
Natural rubber gumstocks, although high in physical 
strength, are usually unsuitable for co~nercial applications. 
The presence of carbon black in vulcanized natural rubber 
increases the hardness, abrasion resistance and tear 
strength and decreases the resistance to compression set, 
tensile strength and elongation at break. A judicious 
choice of accelerating system and carbon black results in 
a vulcanizate with the required physical attributes for a 
particular application. 
Styrene butadiene rubber without a reinforcing agent 
has too low a strength for practical use. SBR compounds 
are usually oil extended and carbon black loaded to achieve 
satisfactory physical properties. 
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There are two types of carbon black used in the 
rubber industry; the channel blacks manufactured by the 
incomplete combustion of petroleum products, and the furnace 
type carbon blacks~ 
The cross-link density of black loaded vulcanized 
natural rubber is apparently twice that of gum stocks 
(Studebaker and Nabors, 1959). Petersen (1955) believed 
carbon black entered into physio-chemical combination with 
the rubber polymer. 
Inorganic fillers, especially kaolinite, are used 
to lower compound costs or to impart better processing pro-
perties to the rubber. Generally this is achieved with 
some loss in physical properties. 
REVIE\\T OF LITERATURE 
No reference was made in the literature to the 
influence of carbon black reinforcing and inorganic 
dilution on the microbiological deterioration of vulcanized 
natural rubber. 
Loading materials, such as carbon black and kaolin, 
may influence the water absorption of vulcanized rubber, 
the growth of micro-organisms on the rubber surface and 
the accessibility of polymeric material to rubber deteriorat-
ing organisms. 
Carbon black reinforcing agents are kno'\~ to reduce 
water absorption compared with inorganic dilutents (Robin, 
Hydrated calcium silicate, calcium carbonate, zinc 
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oxide - magnesium oxide activating system in neoprene 
compounds and electrolytic impurities should be avoided 
when formulating rubber for a low water absorption. 
However, the use of kaolin as a dilutent is unlikely to 
result in a vulcanized natural rubber with marked water 
absorption. 
The absorption of soil organic matter and protein 
on clay minerals is well known. The retention of carbon 
during the formation of humus from green manures due to 
inorganic colloids adsorpting soil organic matter was 
reported by Allison, Sherman and Pinck (1949). 
Montmorillonite exerted the greatest, and kaolin the least 
effect in holding carbon. 
In contrast, Estermann and McLaren (1959) claimed 
the adsorption of protein on kaolin enhancecl the ammonia 
production. Kaolinite acted as a concentrating surface 
for bacteria, substrate and exoenzymes, thereby stimulating 
bacterial proteolysis. Estermann and McLaren (1959) 
cited the observation of Sohngen (1913) that bacterial 
oxidation of petroleum was stimulated by charcoal and 
silica. 
Marshall (1967) stated that bacteria suspended in 
electrolyte solutions at pH 7.0 possess a negatively 
charged surface due to the predominance of carboxyl groups. 
Variations in polarity and charge density on cell surfaces 
have been studied by the use of microelectrophoretic 
techniques (Moyer, 1936; Plummer and James, 1961; Plummer 
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James, Gooder and Maxted, 1962; 
1963). 
and Gittens and James, 
The adsorption of Bacillus subtilis and E.coli by 
l'i:aolin and charco'al was the subject of a study by 
Krishnamurti and Soman (1951). A plot of numbers of 
organisms adsorbed per unit mass of adsorbent against the 
concentration of organisms in solution after adsorption 
gave a typical S-shaped curve. There was a marked in-
crease in maximum adsorption of bacteria with the lowering 
of temperature. 
Measurements of the electrophoretic velocities of 
the kaolin and bacterial suspensions revealed that both are 
negatively charged with the kaolin showing higher migration 
velocities. The addition of the bacterial suspension to 
that of the kaolin caused a very marked decrease in the 
electrophoretic velocity of the kaolin particles. The 
migration velocity of the kaolin-bacteria complexes was 
reduced to about that of the bacteria. 
A gram positive species of Staphylococcus was 
separated by Krishnamurti and Soman (1951) from the gram 
negative E.coli by adsorption bn l~aolin. 
Kaolin consists of a lattice of silicic acid and 
aluminium hydroxide in the form of alternative polyaluminium 
hydroxide and polysilicic acid layers. Exchangeable 
cations neutralize the negative charges on the margins of 
the silicic acid network (Hofmann and Bilke, 1936). 
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Recent investigations on the adsorption of micro-
organisms on clay and ion exchange resins suggest the 
mechanism of attraction of the organisms to kaolin. 
Lahar (1962) found the adsorption of Bacillus substitus 
on sodium bentonite particles to be a reversible process. 
Using electrophoretic mobility he showed that pH, ionic 
strength and the presence of cations all influence 
adsorption. 
All micro-organisms used by Zvyagintsev (1962), 
including a Proactinomyces sp., were adsorbed on positively 
charged Anionite ANZF. However, selective adsorption took 
place on a negatively charged Cationite CDB-3 resin surface. 
The author found that the nature of the cations saturating 
ion exchange resin important in its ability to adsorb 
micro-organisms. 
The loading of rubber compounds 'vi th carbon black 
should reduce the accessibility of the rubber hydrocarbon 
to the invading rubber deteriorating micro-organisms. 
By virtue of greater amount of rubber in the vulcanizate 
through the absence of carbon blaclc and kaolin within the 
extra network material gum stocks should be the most 
susceptible to microbial attack. 
HETHODS AND lI1ATEIUALS 
The effect of carbon black reinforcing agents on 
the microbiological deterioration of vulcanized natural 
rubber lvas investigated by the inclusion of 30 parts per 
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hundred of rubber (phr) of carbon black in a conventional 
MBTS accelerated sulphur cured natural rubber. 
The two carbon blacks tested and another carbon 
black used in a later experiment have their properties set 
out in Table 8.16. 
Table 8.16 
Carbon black reinforcing agents 
Prop~rties Medium processing High abrasion 
channel (MPC Black) furnace 
(HAF black) 
Surface 120 70 
area (sq.cm!g) 
Average 25 45 
diameter ( 111 ,.,) 
pH 4.3 8.6 
Electric High Low 
resistance 
Effect on Retardant Accelerator 
curing 
:t-1e di Um 
thermal 
(MT Black) 
5 
470 
8.5 
Medium 
Accelerator 
The relative cross-link density of the vulcanizates 
loaded with kaolin,HAF, and MPC Black respectively were 
determined, using the benzene swelling technique (Chapter 
14). The test samples were included in the Leeflang test 
bath, the carbon dioxide evolution from the strips at two-
monthly intervals for eighteen months, the oxygen consumed 
by the micro-organisms growing on the surface after one 
year and the loss in tensile properties after two years in 
the test bath were determined as criteria of the micro-
biological deterioration of the vulcanized rubber. 
. ... ' .. , 
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Since no comparison of the rate of microbial attack 
of the clay and carbon black loaded vulcanized natural 
rubber was made with the corresponding gum stock another 
experiment lvas conducted using a HBTS/TrvlTrvl accelerated 
sulphur cured natural rubber as a-gum stock, clay diluted 
and carbon black reinforced vulcanizate respectively. 
The loss of tensile strength of three rubber samples 
was determined after eighteen months in the Leeflang test 
bath. 
RESULTS AND DISCUSSION 
Carbon black loaded vulcanized natural rubber was 
found to be less susceptible to microbiological deteriora-
tion than the corresponding clay diluted rubber. 
There was a reduced level of carbon dioxide evolution 
by micro-organisms respiring on the surface of strips 
reinforced with carbon black during an eighteen-month period 
in the Leeflang test bath. However, an analysis of 
variance of the raw data indicated that the difference of 
the carbon dioxide evolved from the surface of the clay 
loaded and carbon black reinforced vulcanized natural rubber 
was non-significant at the 5% level. Figure 3.11 is a 
plot of the sample means during the eighteen months' period. 
Heasurement of the oxygen uptal~e by micro-organisms 
growing at the expense of the rubber, using Warburg 
microrespirometry, gave more conclusive evidence that the 
presence of carbon black made the vulcanized natural rubber 
Figure 8.11 Carbon black vs. Kaolinite 
Carbon dioxide evolved from the surface of 
strips of vulcanized natural rubber contain-
ing 30 phr carbon black or kaolin removed 
from a Leeflang test bath at two-month 
intervals during a period of 18 months, and 
measured by Cornfield's meth~d. 
Figure 8.12 Carbon black vs. Kaolinite 
Oxygen uptake by micro-organisms growing at 
the expense of the polymeric material of 
standard sections of vulcanized rubber con-
taining 30 phr carbon black or kaolin 
removed from a Leeflang test bath and 
measured by Warburg microrespirometry. 
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Fig. 8.11 Ca~b9.!!J?lack~Ka2.linite. Carbon dioxide evolved from the surface 
of strips of vulcanized natur'al rubber containing 30 phI' caI'l10n black 
or kaolin removed. from a Leeflang test bath at two-month intervals 
during a period of 18 months, and measured by Cornfield's method. 
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from a Leeflang test bath and measured by \'farbury MicI'ospirollJetry. 
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more resistant to microbiological deterioration (Figure 
8.12) • The difference of the oxygen uptake data for the 
kaolin diluted and the MPC Black reinforced vulcanized 
natural rubber was significant at the 1% level after t1vO 
hours' incubation in the microrespirometer (Table 8.17, 
Appendix) • 
The loss in tensile strength of the vulcanizate 
containing the inorganic filler was considerably greater 
than the carbon black reinforced rubber. These results 
are set out in Table 8.18; each figure is the av.erage of 
three determinations. 
Table 8.18 
Loss of tensile properties of vulcanized natural rubber 
after two years in a Leeflang test b~th 
Loading Undeteriorated Deteriorated % change 
material EatB T.S. Eat B T.S. EatB T.S. 
Kaolin 500 3690 390 830 -22% -78% 
30 phr 
IvlPC Black 300 1760 240 1410 -20% -20% 
30 phr 
HAF Black 280 1810 200 1250 -29% -31% 
30 phr 
----------------,--"-~----------------
The micro-organisms colonizing the carbon black 
reinforced vulcanized natural rubber surface formed a 
bacterial slime liliich tended to harden and flake off the 
surface with the passage of time in the test bath. In 
contrast, the micro-organisms appeared to be more intimately 
attached to the clay diluted rubber. Possibly the inter-
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action between the carbon black and the rubber hydrocarbon 
prevents access of the micro-organisms to the polymeric 
material. This view was borne out by electron scan 
microphotographs (refer Chapter 13) of the rUbber surface. 
Using the benezene swelling method to measure the 
cross-link density, the presence of the carbon black was 
found to mimic cross-linkages. (Experimental details, 
Chapter 14). The relative cross-link density of the t~st 
samples is found in Table 8.19. 
Table 8.19 
Relative cross-link density of gum, clay diluted 
and carbon black reinforced vulcanized natural 
rubber using a benzene swelling method 
Loading material Relat&ve cross-link density 
x10 (Cc/gm of rubber) 
~1BTS 
Kaolin 30 phr 0.44 
MBTS 
MPC Black 30 phr 0.76 
MBTS 
HAF Blacl( 30 phr 0.77 
MBTS/TMTl'-'l 
gum 0.30 
MBTS/TMTM 
MT Blacl( 0.42 
MBTS/TMTM 
Kaolin 0.45 
The most notable feature of the relative cross-link 
density measurements was the failure of the MT Black to 
interact with the polymer to give more apparent cross-
linkages. Probably the large particle size of the carbon 
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black is responsible for this failure to reinforce the 
vulcanized rubber to the extent of the other two carbon 
blacks. 
The loss in tensile properties of the second series 
of test samples in the Leeflang test bath is contained in 
Table 8.20. 
Table 8.~0 
Loss ia tensile properties of gum, clay diluted 
and carbon black reinforced vulcanized natural 
rubber after two years in the Leeflang test bath 
Loading material Undeteriorated Deteriorated % change 
Eat B T.S. Eat B T.S. Eat BT.S. 
MBTS/TMTN 
Gum stock 600 2770 550 1550 
-
8 -44 
NBT S /TJ:>.lTJI1 
MT Black 570 3130 470 1660 -18 -47 
MBTS/TMTN 
Kaolin 590 3960 480 1120 -19 -72 
An analysis of variance is contained in Table 8.21 
Appendix. 
Surprisingly, the loss in tensile strength of the 
gum stock was similar to the MT Black loaded rubber "while 
the loss in tensile strength of the kaolin diluted rubber 
was considerably greater. This suggests that a pronounced 
rubber - carbon black interaction was necessary to protect 
the vulcanized rubber from microbiological deterioration. 
However, the presence of kaolin appeared to be a positive 
inducement to microbial attack. Reservations must be 
placed on the conclusion draw"n from this data, as loss in 
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tensile strength was the only criterion applied to measure 
microbiological deterioration. 
Sufficient evidence was obtained to demonstrate 
that kaolin dilut~d vulcanized natural rubber is more sus-
ceptible to deterioration than the corresponding carbon 
black loaded rubber. 
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CHAPTEH. 9 
THE DETECTION AND IDENTIFICATION OF COMPOUNDING 
INGREDIENTS \VITH JI.1ICROBIOCIDAL. ACTIVITY 
i. DETECTION OF C01-1POUNDING INGREDIENTS IVITI-I JI.1ICROBIOCIDAL 
ACTIVITY 
INTRODUCTION 
One of the most attractive explanations of the 
relative resistance of vulcanized natural rubber to micro-
biological deterioration is the presence of compounding 
in~redients, especially accelerator residues, with micro-
biocidal activity in the rubber. 
H.EVIE1V OF LITERATURE 
A number of different tests have been devised to 
evalue microbiocides in organic materials. These include 
the soil burial test (Darby and Kempton, 1952), a mano-
metric method (Mandels and Siu, 1950), the survival of 
micro-organisms on the surface of the material (Taylor, 
1970) and the inclusion of the material on an inoculated 
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agar plate (Kulman, 1958; Ritzinger, 1959; 
et ale 1962). 
and Rosenwald 
The latter evaluation was adopted, and will be reviewed 
in greater detail. 
In his investigation into the microbiological deter-
ioration of buried pipe and cable coating, Kulman (1958) 
placed samples of each material, cut into one inch square 
portions, in the centre of a petri dish containing 25 ml of 
nutrient agar and inoculated the plate with a spore suspension 
of Aspergillus niger, A. flavus, Penicillium luteum and a 
Trichoderma sp. He found that a natural rubber insulation 
from a 600 volt network cable inhibited the growth of the 
fungi. 
given. 
No details of the formulation of the rubber was 
To test the fungal resistance of neoprene, Ritzinger 
(1959) placed samples in petri dishes poured with either a 
mineral agar containing no nutrients and a dextrose mineral 
agar and inocula ted \vi th a spore suspension of common fungi. 
This test determined whether differently compounded neoprene 
could support or repress fungal growth. Stearic aCid, 
plasticizers and sunproofing oils supported, while a plastic-
izer butyl carbitol formal (TP90B, Thiokol Corp.) copper-8-
quinolinate and a para chloro meta xylenol derivative 
repressed fungal growth. 
Rosenwald et ale (1962) evaluated the effect of common 
metals and plastics on the growth and storage of liquid 
cultures of Pasteurella tularensis. They measured the zone 
of inhibition about the test material embedded in inoculated 
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casein acid digest agar. Toxic compounds diffusing from the 
materials in the agar were transferred on a sterile velvet 
pad to the surface of inoculated replicate agar plates. The 
extreme toxicity of a butyl rubber used as a gasket material 
was noted. 
METHODS AND JI1ATERIALS 
·Pieces of vulcanized rubber 2" x 0.5" x 0.06" were cut 
from tensile sheets and placed in sterile petri dishes. 
Soil dilutions of 10-2 were pipetted into the petri dishes 
and 10 ml of nutrient agar were added to each dish. The 
plates were incubated for 48 hours at 22 0 C. The microbio-
cidal activity of different natural and synthetic rubbers was 
recorded and the extent of the zones of inhibition measured. 
RESULTS AND DISCUSSION 
Zones of inhibition of the soil micro-organisms about 
the strips of vulcanized rubber embedded in the nutrient agar 
indicated the presence of compounding ingredients with micro-
biocidal activity in the rubber (Figure 9.1). 
The results of this experiment are tabulated in 
Table 9.1. 
The conventional accelerated sulphur cured, unacceler-
ated sulphur cured and dicumyl peroxide cured natural rubber 
contained no compounding ingredients which retained micro-
biocidal activity. On the other hand, the llBTS/TJ'.fTJ'v1 sulphur 
cured and the THTD sulphurless cured natural rubber sho'wed 
Figure 9.1 Zone of inhibition of the soil micro-organisms 
about a strip of vulcanized natural rubber 
(TMTD sulphurless cured) e mbedd ed in the 
nutrient agar. 
Fig. 9.1 Zone of inhibition of the 80il micro-organisms about a 
strip of vulcanized natural rubber (TMTD Sulphurless 
cured) embedded in the nutrient agar. 
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~~ 
Microbiocidal activity of various vulcanized rubbers' zon~ of 
inhibition about piece of rubber embedded in nutrient agar 
inoculated with a 10-2 soil dilution 
----------------~-:;--~:-------~--"--"-Zone of 
Rubber Activity 
MBTS-S-NR 2.5 phr S 
~1BTS-S-NR 5phr S 
MBTS-S-NR 10 phrS 
~1BTS-S-NR 2.5 phr S 
Santoflex 13 
MBTS-S-NR 10 phr S 
Santoflex 13 
I-mTS-S ... NR 2.5 phr S 
HAF Blac], 
MPC Blac], 
TMTD-NR 
DPG-S-NR 
HBS-S-NR 
Dicumyl peroxide-NR 
Sulphur unaccelerated-NR 
+ 
++ 
+++ 
HBTS/THTM-S-NR ++ 
THTD/~1BTS-S-NR ++++ 
Synthetics 
Butyl 
SBR 
Neoprene 
Nitrile 
Polybutadiene 
Effects of Antioxidants 
MBTS/TMTM-S-NR 
Nothing 
PNB 
Flectol H 
Nonox CL 
Antioxidant 4010 
NDPA 
Santoflex 13 
IPPD 
Santoflex 217 
Nonox ,.,SP 
HBTS/TMTM-S-NR 
·SA 1013 
TP90B 
Dichlorophene 
Antimy]{otikum A 
Smoked sheet class 1 
+ 
+ 
++ 
+ 
+ 
++ 
+ 
++ 
++ 
++ 
+ 
++ 
+ 
+++ 
inhibition 
(cm) 
0.5 
1.0 
0.4 
0.2 
1.0 
0.2 
1.0 
0.3 
0.5 
0.75 
0.75 
0.5 
0.75 
0.5 
1.0 
Remar]I:s 
Santoflex; 13 
A microbiocide? 
Microbiocide 
undefined 
ZDHC "microbiocidal 
activity 
ZDHC microbiocidal 
activity 
ZDHC microbiocidal 
activity 
HBTS and ZDEC 
accelerators 
TNTH accelerators 
No inherent microbio-
cidal activity 
:'.·.·L.·.' .. '..··· 
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considerable microbiocidal activity. The presence of the 
accelerator residues 2MBT and ZDMC probably was responsible 
for this microbiocidal activity. This view was reinforced 
by the finding of zones of inhibition about butyl and poly-
butadiene which had accelerating systems using MBTS, ZDEC 
and Tl1TM in different combinations. The increase in sulphur 
level from 2.5 to 10 phr had no effect on the number and 
distribution of colonies on the nutrient agar plates. 
Although the microbiocidal activity of sulphur is well kno,~, 
sulphur blooming on the rubber surface does not appear to 
influence the growth of micro-organisms in the agar plate. 
The presence of Santoflex 13 (Monsanto) had a slight micro-
biocidal activity in the MBTS acceleratad sulphur cured 
natural rubber which was lost 'vi th the increase in sulphur 
level. 
Reinforcing the vulcanized rubber with HAF carbon black 
but not MPC carbon black lead to the inhibition of the soil 
micro-organisms. 
understood. 
The significance of this finding is not 
The presence of antioxidants and fungicides in the 
lI1BTS/TlIITM sul.phur cured natural rubber l01vered the micro-
biocidal activity of the vulcanized natural rubber. 
Serious reservations must be placed on this type of 
experiment as compounding ingredients which may depress micro-
bial growth at the expense of the polymeric material may not 
diffuse into the agar plate. 
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ii. IDENTIFICATION OF ACCELERATORS, ACCELERATED RESIDUES AND 
ANTIOXIDANTS IN VULCANIZED RUBBER 
REVIElv OF LITERATURE 
A number of techniques have been used to identify 
accelerators, accelerator residues and antioxidants in 
vulcanized natural rubber. These include specific colour 
reactions (Burchfield and Judy, 1947), column and paper 
chromatography (Bellamy, Lawrie and Press, 1947; and !vIann, 
1961), gas liquid chromatography (Sullivan, Campbell and 
'Vise, 1962), absorption spectroscopy (Mann, 1952) and thin 
layer chromatography (Davies and Kam, 1966; and Nagasawa and 
Ohta, 1967). 
In this investigation thin layer chromatography was 
used to identify accelerators and antioxidants in natural 
rubber vulcanizates. 
The aim of the series of experiments was to confirm 
the presence or absence of antioxidants and accelerator 
residues in deteriorated pipe-joint rings and in test rubber 
samples of kno''Vn formulation included in the Leeflang test 
bath. Dickenson (1968) claimed antioxidants were absent from 
natural rubber pipe-joint rings showing obvious signs of 
microbiological deterioration. He believed prior oxidation 
of the rubber hydrocarbon was necessary before rubber deter-
iorating micro-organisms proliferated at the expense of the 
polymeric material. The absence of antioxidants in deter-
iorated vulcanized natural rubber and the presence of anti-
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oxidants in undeteriorated rubber would go part of the way 
in confirming Dickenson's hypothesis. 
1'1ETHOD AND MATERIALS 
Rubber samples, compounded to a variety of formulations, 
were finely divided by buffing the rubber on an electric 
grindstone; 0.25g samples of the buffings of each vulcanized 
rubber'were extracted for not less than 72 hours with 10 ml 
of chloroform, methanol and acetone respectively. The 
extracting solvents were combined and evaporated to dryness 
in a vacuum drying oven at 40 0 C. (Thermostat Vacuum Oven, 
Townson and Mercer Ltd., Croydon, England). The residue was 
dissolved in 0.5 ml of carbon tetrachloride and spotted on to 
silica gel thin layer chromatography plates and developed with 
a benzene/ethyl acetate/acetone 100/5/2 V/V mixture. The 
spots were located by spraying the plates with a 0.2% solution 
of 2,6 dibromo p benzoquinone 4.chlorimide in ethanol and the 
compounds identified by comparison with commercially available 
antioxidants. 
Attempts to identify the accelerator and accelerator 
residues were made, using a chloroform/benzene solvent 10/9 
V/V. The spots were located by spraying the plate with 
formalin/sulphuric acid 1/4 V/V and heating for one hour at 
125 0 C. 
The presence of antioxidants and accelerator residues 
in seven different natural rubber pipe-joint rings collected 
in the Christchurch Drainage Board District was determined, 
using the thin layer chromatographic techniques of Davies and 
Kam (1966) and Nagasawa and Ohta (1967). 
The leaching of antioxidants from rubber strips 
included in the test bath during the two-year test period was 
investigated. This was achieved by extracting 0.5" x 0.5" 
sections cut from rubber strips in 5 ml of chloroform methanol 
and acetone respectively. The extractions were combined and 
evaporated to dryness. The residues spotted on chromato-
graphy plates and the antioxidant levels determined. 
RESULTS AND DISCUSSION 
The Rf values and colour reactions for a number of 
common antioxidants and accelerators are contained in Tables 
9.2 and 9.3. 
Antioxidants were detected in four of the seven pipe-
joint rings (see Table 9.4). 
Initially, antioxidants were found in the pipe-joint 
rings collected at Cobra Street, RaIswell; Crofton Road, 
Harewood, and Bridge Street, Avonside. Prolonged soxhlet 
extraction of rubber buffings from the remaining rings 
resulted in the det~ction of antioxidant in the ring collected 
at Ivainoni Road. 
The pipe-joint ring from Crofton Road, which was not 
showing signs of microbiological deterioration, contained the 
highest level of antioxidants. Two antioxidants were 
present, sym. dinaphtyl p-phenylene diamine (NONOX C, 
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Table 9.2 
Thin layer chromatography 
values and colours for antioxidants using Benzene/ 
ethyl acetate/acetone as a developing solvent 
and 0.2% 2,6 dibromo p-benzoquinone 4-chlori-
mide in ethanol as a spot indicator 
Phenyl beta naphthylamine (PBN) 
N cyclohexyl N' phenyl-p-phenylene 
diam.ine (CPPD) 
N isopropyl N' phenyl-p-
phenylene. diamine (IPPD) 
Polymerized 2,2,4 trimethyl 1,2, 
dihydroquinoline (Flectol H) 
Diphenyl-p-phenylene diamine (DPPD) 
Sym. dinaphthyl 
p-phenylene diamine (Nonox CL) 
2,2' methylene bis (4 methyl 
6 alpha methyl cyclohexylphenol) 
Nonox \,/SP 
N 1,3 Dimethyl butyl N'phenyl 
p-phenylene diamine (Santoflex 13) 
N N di (1,4 dimethyl pentyl) 
phenyl p-phenylene diamine 
(Santoflex 77) 
Diphenylamine-acetone 
reaction product (Nonox B) 
Rf 
0.90 
0.74 
0.50 
0.60 
0.40 
0.14 
0.69 
0.5 l1: 
0.20 
0.86 
0.62 
0.60 
0.00 
Spot colours 
Blue 
Red 
Red 
Blue 
Blue 
Blue 
Blue 
Purple 
Red 
Colourless-
yellow 
Darl~ blue 
Purple 
Yellow 
.'-, .'.:- .' .. --.~ .. -.- '." -.. ". 
Table 9.3 
Thin layer chromatography 
Rf values and colours for accelerators using chloroform/ benzene as a developing solvent and formalin/sulphuric 
acid r~agent as a spot indicator 
Rf Spot colour 
Diphenyl guanidine (DPG) 0.00 
2-mercapto benzothiazole (MET) 0.21 
N cyc~ohexyl 2-benzothiazole (CBS) 0.25 
Dibenzothiazyl disulphide (MBTS) 
Zinc dimethyl dithiocarbamate (ZDMC) 0.63 
Tetramethyl thiuram disulphide (TMTD)0.25 
Tetramethyl thiuram mono sulphide 
(THTM) 
Zinc 2-mercapto benzothiazole 0.18 
Colourless 
White 
Yellow 
White-yellow 
lvhi te 
Yellowish white 
White 
Citrus green 
.'--.: ... -
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Table 9.4 
Antioxidants and accelerator residues detected in pipe-
joint rings collected in the Christchurch Drainage Board 
Area 
Pipe-joint rings 
32 Hackthorne Road, 
8 years, manufacturer 
unknown * 
19 Greendale Street, 
8 yea.rs, Mitchell 
Rubber Products (NZ) Ltd.* 
109 Wainoni Road, 
17 years, manufacturer 
unknown * 
Crofton Road, 7 years, 
Reidrubber (NZ) Ltd. 
Cobra Street, 8 years, 
Empire Rubber Mills 
(NZ) Ltd. * 
102 Bridge Street, 11 years 
Reidrubber (NZ) Ltd. * 
Waitaki Road, 25 years, 
JYIanufacturer unknown * 
Accelerator 
systems 
Antioxidants 
None detected None detected 
None detected None detected 
None detected Phenyl beta 
naphthyl amine 
ZDMC detected Sym.dinaphthyl 
p-phenylene 
diamine (Nonox CL) 
and possibly a 
dioctyl 
p-phenylene 
diamine 
2MBT detected A condensation of 
trimethyl quino-
line and acetone 
(Flectol H) 
ZDMC detected Phenyl beta 
naphthylamine 
None detected None detected 
* Pipe-joint rings showing obvious signs of microbiological 
deterioration. 
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Imperial Chemicals Industries) and an antioxidant which was 
tentatively identified as N N di (1,4 dimethyl pentyl) phenyl 
p-phenylene diamine (Santoflex 77, Monsanto) or a dioctyl 
p-phenylene diamine. 
All the remaining pipe-joint rings were showing obvious 
signs of microbiological deterioration. Despite this fact, 
the pipe-joint ring from Cobra Street contained a condensation 
product of trimethyl quinoline and acetone (Flectol H, 
Monsanto) and from Bridge Street phenyl beta naphthylamine. 
Very low levels of phenyl beta naphthylamine were detected in 
the pipe-joint ring from Wainoni Road. 
The presence of the curing agent zinc dimethyl dithio-
carbamate on the surface of the TMTD sulphurless cured natural 
rubber was confirmed. 
The nature of the accelerating systems in the pipe-
joint rings was more difficult to determine as the acceler-
ators are decomposed during the vulcanization process. The 
accelerator residues zinc mercaptobenzothiazole (ZMBT) was 
present in the vulcanized rubber in the pipe-joint ring from 
Cobra Street, 1vhile zinc dimethyl di thiocarbamate (ZDMC) was 
in the pipe-joint rings from Crofton Road and Bridge Street. 
The amount of antioxidant at the surface of the 
vulcanized rubber would seem important in the prevention of 
the microbiological deterioration. To determine whether the 
antioxidants were lost from the rubber surface of samples 
included in the test bath, the following procedure was adopted. 
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Sections of rubber 0.5" x 0.5" were cut from the 
strips of vulcanized natural rubber containing antioxidant 
removed from the test bath and stored in a drawer to act as 
controls. Individual pieces were placed in 10 ml SCre"lv top 
containers with 5 ml of acetone, methanol and chloroform 
respectively. After 72 hours the extracts were combined, 
evaporated to dryness in a vacuum oven, and the levels of 
antioxidants extracted from each rubber estimated by the 
intensity of the develpped spot on the layer plates. 
The level of antioxidants NNd' (1,4 dimethyl pentyl) 
phenyl p-phenylene diamine (Santoflex 77) and polymerised 
2, 2 4" trimethyl 1, 2 dihydroquinoline (Flectol H) appeared 
to be only slightly diminished in level, while N.lsopropyl N1 
phenyl p-phenylene diamine (IPPD) level was markedly 
diminished. This result confirmed the findings of Cain et 
al. (1968) on the leaching of antioxidants from vulcanized 
natural rubber and is of considerable significance in explain-
ing the relative protection against microbiological deter-
ioration afforded by the different antioxidants. 
Evidence to support the contention of Dickenson (1965, 
1968) was obtained by the thin layer chromatography of 
extracts of the vulcanized rubber of pipe-joint rings. 
Antioxidants were absent or at a significantly reduced level 
in deteriorated pipe-joint rings. The undeteriorated pipe-
joint ring, on the other hand, contained high levels of two 
phenylene diamine antioxidants although it had been exposed to 
eight years of leaching in a domestic sewer lateral. 
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The mode of action of the antioxidants remains 
undefined. The underground environment of the pipelines is 
not one where oxidative ageing of vulcanized rubber would be 
significant. The iow ambient temperature and absence of 
ozone makes the occurrence of heat ageing or ozone attack 
most unlikely. The inclusion of an antioxidant in the 
formulation of natural rubber pipe-joint rings was to enable 
the vulcanized rubber to comply with the British Standard 
Specification (8.5.2494 : 1955) for pipe-joint rings. The 
antioxidant prevents the loss of tensile properties during 
the accelerated ageing test. After ageing in an oven at 
o 70 ± 1 C for a period of ten days the tensile strength and 
eJ_ongation at breal( must remain at 80% of the unaged value. 
It was fortuitous that the inclusion of an antioxidant for 
this purpose may prevent the microbiological deterioration of 
the vulcanized rubber. 
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CHAPTER 10 
THE BIOCHEMICAL OXYGEN DENAND TEST AS A MEASURE TO 
THE MICROBIOLOGICAL DETERIORATION OF VULCANIZED RUBBER 
INTRODUCTION 
The breakdown of an organic material enclosed in a 
sealed bottle of oxygenated water by micro-organisms will lead 
to the depletion of the oxygen contained in the bottle; this 
phenomenon is the basis of the Biochemical Oxygen Demand Test. 
The test method has been standardized and is fully 
described in "Standard Hethods for the Examination of lvater, 
Sewage and Industrial Wastes" 1955, a pUblication of the 
American Public Health Association. 
For an example, the Biochemical Oxygen Demand of 
sewage is the quantity of dissolved oxygen required to 
stabilize the decomposable organic matter by aerobic bio-
chemical action. The determination of the cluanti ty of 
oxygen is accomplished by dil"uting aliquots of the sample 
with water saturated with oxygen and measuring the dissolved 
oxygen at the beginning of the experiment and after a five-
day incubation period at constant temperature, usually 200 C. 
0"-.• ;_.0 __ • ~. _ ~ '." '._ 
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REVIEW OF LITERATURE 
The application of a modified Biochemical Oxygen 
Demand Test (BOD T~st) for the measurement of the micro-
biological deterioration of vulcanized rubber has been 
reported in the literature. 
ZoBell and Grant (1942) observed that the use of 
rubber stoppered bottles in experiments for determining the 
BOD 01 water led to an increased oxygen consumption over the 
five-day period indicating that growth of the micro-organisms 
was sustained by the presence of the rubber. 
This observation was more fully investigated by ZoBell 
and Beckwith (1944). They reported that vulcanized rubber 
was attacked by a variety of common micro-organisms. About 
250-300 mg of various natural and synthetic rubbers were cut 
. t 11· 15 2. ttl ln 0 sma pleces cm 1n 0 a surface area. These were 
placed in stoppered bottles containing 150 ml of oxygenated 
'va ter, inocula ted ,vi th mixed populations of rubber-degrading 
micro-organisms isolated by an enrichment culture technique 
or pure cultures of common micro-organisms. The bottles 
were incubated in the dark at 26 0 C for ten days. Control 
bottles without the vulcanized rubber were incubated con-
currently. Using oxygen depletion of the water as the 
criterion, purified natural rubber was most strongly attacked, 
natural rubber, styrene butadiene rubber and a neoprene 
vulcanizate were also attacked but an acrylonitrile-butadiene 
copolymer, polyisobutylene and polysulphide polymers were 
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less readily attacked. Chlorinated natural rubber and 
polyvinyl chloride appeared to be resistant to microbiologic-
al attack. 
The authors emphasized that the rate of bacterial 
oxidation is directly proportional to the surface area 
exposed to microbiological deterioration. 
The weakness in their experimentation was the use of 
quantities of vulcanized rubber containing more than suffi-
cient compounding ingredients able to support the necessary 
microbial growth to consume the dissolved oxygen in the 
stoppered bottle. On the data presented in their publica-
tion the claim that synthetic rubber is susceptible to 
microbiological deterioration cannot be substantiated. 
A series of publications by members of the Bell 
Telephone Laboratories has appeared on the resistance of 
materials used to cover cables to marine biological attack. 
These papers contain data on the microbiological deteriora-
tion of vulcanized rubber as measured by a modified 
Biochemical Oxygen Demand Test. 
Snoke (1957) added 0.01% ammonium phosphate to sea-
water, oxygenated it to 25 ppm, added rubber samples, md 
measured the oxygen depletion after 28 days! incubation at 
The inocula were from enrichment cultures of marine 
sediments growing in the presence of the vulcanized rubber. 
The rubber was in the form of a thin sheet weighing 50 mg 
2 
and having a surface area of 12.9 cm • Inoculated controls 
204 
without the vulcanizates were incubated concurrently. As 
all the free oxygen in the 60 ml bottle containing the 
vulcanized rubber was consumed, the author concluded that 
styrene butadiene rubber, nitrile, butyl, natural rubber and 
neoprene cable jacket vulcanizates were utilized as a carbon 
and energy source by aerobic bacteria. No details of the 
formulation of the rubber, the nature of the micro-organisms 
involved in the deterioratio~, or the fate of the rubber 
were given. It is unfortunate that no distinction was made 
between the utilization of the rubber hydrocarbon and other 
compounding ingredients by micro-organisms. 
The claim that natural and synthetic rubbers are 
readily utilized by aerobic bacteria was made by Steinberg 
The time required to deplete the oxygen of sea-
water ranged from 5-25 days with an average rate of con-
sumption of 3 to 20% of the dissolved oxygen per day. The 
oxygen was generally consumed ten times faster at 200 C than 
50 c. The sequence of susceptibility of vulcanized rubber 
to microbial attack in order of oxygen consumption at 200 C 
were styrene butadiene rubber > natural rubber :> butyl ~ 
silicone rubber > nitrile > neoprene. Butyl and natural 
rubber were the only elastomers supporting the growth of 
anaerobic bacteria as measured by hydrogen sulphide pro-
duction. H01Vever, Steinberg (1961) pointed out that com-
pounding ingredients tended to increase the susceptibility 
of rubber to microbiological attack but she did not indicate 
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which ingredients she considered were supporting the growth 
of the marine bacteria used in the experiment. 
Coscarelli (1964) reviewed the experimental results 
of his co-workers at the Bell Telephone Laboratories. 
Notwithstanding the evidence from laboratory tests that 
vulcanized rubber is attacked by micro-organisms no deteriora-
tion to rubber cable jackets was found in test specimens with 
a third of their length embedded in the sea bed sediment 
after seven years' exposure. Rubber samples, including 
natural rubber, neoprene, silicone rubber, styrene butadiene 
rubber, nitrile and butyl performed well in the latter test 
but were beginning to show" signs of borer penetration and 
surface oxidative cracking. 
A theoretical oxygen demand for natural rubber can be 
calculated using the empirical formula of natural rubber 
The stoichiometric equation for the complete com-
bustion of natural rubber is as follows 
It can be calculated from the knowledge of molecular 
weights of the reactants and products that 2.8 mg of oxygen 
is consumed during the oxidation of a LUg of natural rubber. 
Theoretic oxygen demands of a number of rubber 
calculated in this fashion are listed in Table 10~1. 
_0._" •.•• _· •. -· - .-.- •.••..•. _ •. 
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Table 10.1 
Theoretic oxygen demands of vulcanized rubber 
Type of rubber 
(uncompounded) 
Natural rubber 
Styrene butadiene rubber 
Polybutadiene 
Butyl 
Neoprene 
Nitrile 
Theoretical oxygen demands (mg of 
oxygen consumed per mg of combusted 
rubber 
2.8 
3.5 
3.3 
3.4 
1.8 
5.6 
As the amount of rubber required to deplete the 
dissolved oxygen in the water contained in a BOD bottle can 
be calculated, the necessity of avoiding the use of too great 
a quantity of rubber in a BOD test becomes apparent. 
Since the solubility of oxygen in water at 25 0 C under 
standard atmospheric pressure is 8.3 ppm, a 250 ml ground 
glass stoppered bottle of water will contain 2.1 mg of 
dissolved oxygen. The microbiological deterioration of 
1 mg of natural rubber to carbon dioxide and water ,viII ex-
haust this quantity of oxygen. As microbial oxidation is 
confined to the surface of polymeric material it is necessary 
to use small quantities of finely divided rubber. The use 
of highly oxygenated water should be avoided. The pre-
incubation of the tapwater to be used in BOD tests allows 
the equilibration of the oxygen in solution at the temperature 
of incubation. The claim of Steinberg (1961) that seawater 
-',-; 
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with an oxygen tension of 25 ppm was used in the BOD tests 
is irreconcilable with the observation that oxygen will 
leave solution during a BOD test incubation if the water has 
an oxygen content greater than 100% saturation. 
METHOD AND MATERIALS 
INTRODUCTION 
In the design of a biochemical oxygen demand test for 
the measurement of the microbiological deterioration of 
vulcanized rubber, care must be taken to ensure the oxygenated 
water has a very low organic matter content, the quantities 
of rubber used are sufficiently small to rule out the growth 
of the inoculum supported by compounding ingredients and 
that the surface area of each vulcanizate under test is com-
parable. To satisfy these basic requirements the following 
experimental procedure was adopted. 
Biochemical Oxygen Demand Test 
Ground glass stoppered bottles of 250 ml capacity were 
cleaned in chromic acid to remove any organic matter adhering 
to the walls of the bottles and placed overnight on a bottle 
""-asher. Finely divided rubber samples were obtained by 
buffing tensile sheets of vulcanized rubber on an electrically 
driven grindstone. The individual rubber samples were 
extracted in soxhlet extraction units with an azotropic 
mixture consisting of equal parts of acetone, methanol and 
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chloroform. Leyland (Pers.comm. 1969) recommended this 
extraction procedure to remove accelerator residues, anti-
oxidants, stearic acid and other compounding ingredients 
contained in vulcan'ized rubber which could either support 
microbial growth or have microbiocidal activity. 
Two mg of the extracted rubber samples were weighed 
into the BOD bottles which were inoculated with 25 ml of 
aged effluent from the Leeflang test bath (Chapter 7), and 
stored overnight to wet the rubber surface. The bottles 
were filled with unchlorinated tapwater that had been stored 
at 24 + 10 C for at least a week to equilibrate the dissolved 
oxygen content. (Details of the composition of the tapwater 
are contained in Chapter 4, Table 4.9). Care was taken to 
avoid the presence of small bubbles of air trapped in the 
bottles. The bottles were water-sealed and stored in an 
incubator maintained at 24 ± 10 C in a constant temperature 
room. 
The oxygen content of the water in triplicate bottles 
was determined after 0, 5, 10, 20, 40 and 60 days, using the 
Winkler method as outlined in "Standard Methods for the 
Examination of Water Sewage and Industrial Wastes", 1955. 
The oxygen depletion of controls, inoculated but not contain-
ing the rubber samples, were also determined at these 
intervals. 
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Winkler IYlethod 
After the incubation period, 2 ml of manganese 
sulphate solution (400g MnS04 2H2 0 per litre) and 2 ml of 
alkaline iodide reagent (500g of NaOH and 150g of KI per 
litre) were added below the water level to the BOD bottle. 
The bottle was re-stoppered, avoiding the inclusion of air 
bubbles, and mixed by inverting the bottle twice. Ivhen the 
precipitate of manganic hydroxide, formed by the oxidation 
of manganous hydroxide, had settled the contents were 
acidified 'vi th 1 ml of concentrated sulphuric acid which 
discharged the iodine. The liberated iodine was titrated 
with 0.025N thiosulphate to a pale straw colour, 1 ml of 
fresh starch solution added, and the titration continued 
until the blue colour just disappeared. 
Since 1 ml of 0.025N sodium thiosulphate is equivalent 
to OA.2 mg of oxygen, tlvice the number of mls of thiosulphate 
used was equivalent to the oxygen content in ppm on titrating 
an aliquot of 100 ml of the contents of a BOD bottle. 
Vulcanized rubber samples 
The modified biochemical oxygen demand test was used 
to gauge the relative resistance of natural and synthetic 
rubber vulcanizates (Table 7.1, Appendix), and the effect of 
different curing systems of natural rubber (Table 8.1, 
Appendix) to microbiological deterioration. 
As it was not possible to measure the absolute values 
of the surface area of finely divided rubber particles as 
used in the BOD test, the relative values of the different 
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types of rubber were determined by measuring the weight of 
absorbed water on the rubber surface at a known relative 
humidity. 
The following procedure recommended and executed by 
Foster (Pers.comm. 1969) was adopted. Samples of the 
natural and synthetic rubber vulcanizates were dried to con-
stant weight over analytical reagent grade concentrated 
sulphuric acid then placed in a desiccator over a sulphuric 
acid/water mixture that gave a relative humidity of the 
water vapour as 24.7% (p/po = 0.247). The desiccator was 
evacuated and the sample left to equilibrate with the water 
vapour to a constant weight of absorbed water. 
contains the details of the determination. 
Table 10.2 
Using these results, adjustments for difference in 
surface area of the natural and synthetic rubber vulcanizates 
can be made. For instance, butyl rubber buffings had a 
surface area 1.6 times that of a comparable weight of 
natural rubber buffings. If micro-organisms possessed equal 
ability to degrade the two vulcanizates, the rate of depletion 
of oxygen by microbial growth on the butyl rubber surface 
should be 1.6 times that of the same weight of natural rubber. 
'. - ~. -" -. . _. - . 
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Table 10.2 
Determination of the relative surface area of the 
natural and synthetic rubber test samples. 
'" + Type of vulcanized' Weight of 'vater ab- % moisture Ratio 
rubber rubber sorbed absorption (N.R.=1) (in grit) (in gm) 
MBTS sulphur cured 
natural rubber 0.6lf31f 0.0032 0.50 
Neoprene 0.3713 0.0015 o.lfo 
Polybutadiene 0.2lf10 0.0016 0.65 
Styrene butadiene 0.1806 0.0013 0.70 
Butyl o. L1:971f 0.00lf1 0.80 
Nitrile 0.9535 0.00lf2 o .l1:5 
* Weight of rubber dried to constant weight over 
A.R. sulphuric acid. 
1 
0.8 
1.3 
1.1f 
1.6 
0.9 
+ Weight of water absorbed at 21f.7% R.H. (pip = 
o 
0.24.) 
RESULTS AND DISCUSSION 
The results of the biochemical oxygen demand tests 
confirmed that vulcanized natural rubber is susceptible to 
microbiological deterioration. Synthetic rubber - butyl, 
nitrile and polybutadiene - were resistant while neoprene 
and styrene butadiene rubber appeared susceptible to micro-
biological deterioration. The rate of microbial oxidation 
of natural rubber vulcanizates was influenced by the choice 
of accelerating system. 
The rates of oxygen depletion in the Biochemical 
Oxygen Demand test for natural and synthetic rubber are 
illustrated in Figure 10.1. On taking into account the 
Figure 10.1 Biochemical Oxygen Demand Test 
Natural vs. Synthetic Rubber 
Rate of depletion of the oxygen in a 250 ml 
ground glass-stoppered bottle by rubber 
deteriorating micro-organisms growing at the 
expense of 5 mg finely divided solvent 
extracted vulcanized rubber. Incubated at 
24 + 10 C. 
Figure 10.2 Biochemical Oxygen Demand Test 
Curing system. Rate of depletion of the 
oxygen in a 250 ml ground glass-stoppered 
bottle by rubber deteriorating micro-organisms 
growing at the expense of 5 mg of finely 
divided solvent extracted vulcanized natural 
rubber. Incubated at 24 + 10 C. 
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Fig. 10.2 Biochemical Oxygen 
Demand Te::'lt 
Curing System • 
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in a 250 rnl ground glass-stoppered 
bottle by rubber deteriorating 
micro-organisms growing at the 
expense of 5mg of' finely divided 
solvent extracted vlLlcanized 
natural rubber. Incubated at 
24 : 1 °c 0 
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variation in surface area per unit weight of the vulcanizate, 
neoprene was as susceptible to microbiological deterioration 
as natural rubber. Polybutadiene, butyl and nitrile 
supported little or no microbial gr01'lth -while styrene 
butadiene rubber was intermediate in its support of microbial 
growth. Detailed results and statistical analyses are 
contained in Table 10.3, Appendix. 
To make a direct comparison of the resul~s with those 
obtained by Zobell and Beckwith (1944) and Steinberg (1961) 
the percentage of oxygen depleted per day was used as an 
index of oxygen consumption. Table 10.4 contains the 
pertinent data. 
Table 10.'± 
The comparison of the Biochemical Oxygen Demand tests used 
as a criterion for the microbiological deterioration 
of vulcanized rubber 
ZoBell and Beclnvi th (19 l1:4) 
Vulcanized rubber, 300 mg sample, surface area 15 sq.cm, 
incubated at 200 C in 150 ml of sea-water. Oxygen 
content 8.3 ppm. 
Type of rubber 
Natural rubber 
Styrene butadiene 
rubber 
Neoprene 
Nitrile 
Butyl 
Index of oxygen 
consumption 
(% per day) 
8.2 
Ratio of 
consumption 
(Butyl = 1) 
3.0 
1.7 
1.6 
1 
... ----:.: 
, ..... -: -
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Table 10.4 (contd.) 
Steinberg (1961) 
Vulcanized rubber, 50 mg sample, surface area 12.9 sq. 
cm, incubated at 200 C in 60 ml of seawater containing 
0.01% ammonium phosphate,~ oxygen content 25 ppm. 
Type of rubber 
Natural rubber 
Styrene butadiene 
Butyl" 
Nitrile 
Neoprene 
This investigation 
Index of oxygen 
consumption 
(% per day) 
17.8 
19.9 
17.6 
6.4 
2.8 
Ratio of 
consumption 
(Neoprene = 1) 
Vulcanized rubber 2 mg soxhlet extracted rubber sample, 
equal surface area, incubated at 24 + 1 0 C in 250 ml 
of t~pwater, oxygenc6riterit 7 ppm~ 
Type of rubber 
Natural rubber 
Neoprene 
Styrene butadiene rubber 
Polybutadiene 
Nitrile 
Butyl 
Index of oxygen 
consumption 
(% per day) 
0.9 
0.7 
0.5 
0.2 
0.1 
0.0 
Ratio of 
consumption 
(Nitrile = 1) 
9 
7 
5 
2 
1 
o 
The results of this investigation, as well as those of 
ZoBell and Beckwith (194l1) and Steinberg (1961), indicate that 
natural rubber and styrene butadiene rubber vulcanizates are 
susceptible to microbiological deterioration using the BOD 
test as the criterion. The relative po.itions of neoprene 
and butyl rubber in the sequence of the rate of microbiological 
deterioration of vulcanized rubber is, on the other hand, 
conflicting. The low index of oxygen consumption in the 
experimental results is a reflection of the inoculum and the 
size of the bottle used in the BOD test. The size of the 
inoculum and the nature of the rubber deteriorating micro-
organisms contained in it will determine the initial rate of 
depletion of oxygen and whether a particular rubber will be 
deteriorated. 
The large quantities of vulcanized rubber samples used 
in the BOD test of ZoBe11 and Beckwith (1944) and Steinberg 
(1961) and the failure to extract compounding ingredients 
from the vulcanizates could have led to misleading conclusions. 
No opinion can be made on the role of the utilization of 
compounding ingredients in these two experiments as no details 
of the rubber formulations are given. It is well known that 
the growth of waterborne micro-organisms is stimulated by 
solid surfaces. ZoBe11 and Allen (1935); Heukelekan and 
Heller (19 l.l:O); ZoBe11 (1943) and Renn (1964) have all 
cOlnmented on the tendency of bacteria to colonize surfaces 
exposed to water containing a low concentration of nutrients. 
ZoBe11 (1943) believed that organic matter is concentrated 
by absorption on solid surface enhancing bacterial activity. 
Slime formation often occurs and the surface may retard the 
diffusion of exoenzymes and hydrolyzates away from the cells, 
thus promoting the assimilation of nutrients. Taylor and 
Collins (1949) discussed the influence of bottle-size in 
Biochemical Oxygen Demand tests. In general, bacteria 
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multiplied more rapidly and to greater numbers in small 
bottles, agitation stimulated activity and the nature of the 
walls of the bottle influenced microbial growth. 
As waterborne micro-organisms appear to prefer to 
grow on solid surfaces, the stimulation of microbial growth 
in a BOD bottle by organisms, using the finely divided rubber 
merely as a convenient surface to colonize, must be con-
sidered. The wetability of the rubber surface and the 
influx of water into the polymeric material will have a 
significant effect on the ability of micro-organisms to grow 
on the rubber surface. In this respect that the vulcanized 
rubber most susceptible to microbiological attack, using 
a Biochemical Oxygen Demand test as the criterion, are most 
readily wettable polymers and those least susceptible are 
less readily wettable bears further examination, and will 
be discussed more fully in Chapter 14. 
A number of reservations must be expressed about the 
test. The presence of compounding ingredients which can 
support microbial growth and accelerator residues which can 
inhibi t grow-th can mask the measurement of the degradation 
of the polymeric material. The volume of the BOD bottle, 
the quantity and surface area of the rubber under test, and 
the size and nature of the inoculum all influence the final 
result of the experiment. The influence of the wettability 
and subsequent water absorption of different vulcanized 
rubbers as it affects the rate of deterioration in a short 
term test, such as the Biochemical Oxygen Demand test, 
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requires investigation before the test can be made suffi-
ciently reproducible to have practical value. 
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CHAPTER 11 
THE USE OF THE BOMB CALORIMETER FOR THE MEASUREMENT 
OF THE MICROBIOLOGICAL DETERIORATION OF VULCANIZED RUBBER 
INTRODUCTION 
The surface of deteriorated natural rubber pipe-joint 
rings is cracked and brittle and may be likened in appearance 
to charred ''food. An explanation for this appearance is that 
the micro-organisms utilize the rubber hydrocarbon leaving 
the accelerator residues, carbon reinforcing, inorganic 
filler and sulphur cross-links within the residual unconsumed 
rubber. It was considered that this reduction in rubber 
content in deteriorated pipe-joint rings should be reflected 
in a corresponding reduction in calorific value. However, 
extremes in the reduction of calorific value are unlikely 
as progressive microbiological degradation leads to the 
erosion of the rubber surface. 
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REVIE1v OF LITERATURE 
The literature was searched for a precedent for 
applying loss of cqlorific value as a criterion for the 
microbiological deterioration of an organic material. It 
was found that the calorific value of decayed cordwood was 
investigated by Hilborn (1936). The effect of fungal decay 
on the calorific value and the specific gravity was measured 
in sprit and unsplit wood of red maple, paper birch and 
beech over a four-year period. Calorific values decreased 
from 35.9 to 89.4% of the original value and this reduction 
was progressive with time. No references of this method 
being applied to the study of the microbiological deteriora-
tion of rubber were found in the literature. 
Wood (1939) listed the values of a range of physical 
constants of rubber and reported that the heat of combustion 
of vulcanized natural rubber was 10,500 calories per g of 
rubber. 
METHODS AND MATERIALS 
The rubber was removed from the surface of deteriora-
ted natural rubber pipe-joint rings collected in the 
Christchurch area, with forceps, and the undeteriorated 
surface by buffing on an electrically driven grindstone. 
The calorific value of the rubber samples was 
measured using an adiabatic bomb calorimeter (~allen Kamp 
autobomb automatic adiabatic bomb calorimeter model C.B.-110). 
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The total heat liberated during the combustion of an 
approximately O.5g rubber sample was calculated from the 
heat capacity of the bomb and surrounding water jacket and 
the observed temperature rise. This was corrected for the 
heat liberated on firing the bomb and the extra heat re-
leased by the combustion of the filter paper used to wrap 
the samples. The effect of the conversion of sulphur in the 
sample to sulphuric acid and the nitrogen of the air to 
nitric acid were also taken into account. The calorific 
value of the rubber vulcanizate was expressed in calories 
per g of rubber. 
The technique and the calculations involved in the 
determination of the calorific value of rubber are illus-
trated by the reproduction of a typical report sheet, 
Table 11.1. 
.-->-.> _. ~,'. '-" '--
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Table 11.1 
Adiabatic Bomb Calorimeter Report Sheet 
Sample: Deteriorated pipe-joint ring, 10 Cobra Street, 
Halswell, 8 years. 
Analyst: T. Cundeil Date: 
Rubber + Filter paper 
Filter paper 
Deteriorated rubber 
Final temperature 
Initial temperature of bomb 
Temperature rise 
Total heat capacity of 
apparatus 
Total heat release 
Constant heat gain 
(Heat of firing) 
Nitric acid correction 
Corrected,heat from fuel 
Heat from 1 g of rubber 
Sulphuric acid correction 
Gross calorific value of 
deteriorated rubber 
0.5880 g 
0.0950 g 
0.4:930 g 
26.364:0 C 
24,6880 C 
1.6760 C 
2 l}4:5.5 ca.l/oC 
4:098.7 cal 
238.4: cal ) 
) 
3.7 cal ) 
3856.6 cal 
7822.7 cal 
4:8.2 cal 
777iJ:.5 cal/g. 
Test for nitrogen and sulphur corrections. 
Titration of bomb washing with barium hydroxide 
Solution normality 
Ml of O.IN 
Sodium carbonate added 
20 ml normality 
Ml of O.IN 
22.iJ: ml 
11.7 ml 
10.7 1111 
9.2 ml (A) 
18 ml (B) 
2iJ:2.1 cal 
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Table 11.1 (contd.) 
Titration with hydrochloric acid 
V2 
V1 
V 2 -V 1 
S~lution normali~y 
Ml of O.,IN 
Nitric acid correction 
(B-C) cal 
(18.0-15.4) Cal 
1.43 x 2.6 cal, i.e. 3.7 cal 
Sulphuric acid correction 
A - (B - C) 
sample weight 
3.6 (9.2 - 2.6) cal 
0.493 
i.e. 48.2 cal. 
cal 
39.0 ml 
19.7 ml 
19.3 ml 
15.4 ml (C) 
22.6 calories are equivalent to 1% of sulphur in the fuel. 
Percentage of sulphur in the deteriorated rubber sample is 
2.1%. 
RESULTS AND DISCUSSION 
Twenty natural rubber pipe-joint rings collected in 
the Christchurch area were investigated. Their origin, age, 
the calorific value of undeteriorated and deteriorated rubber 
from the surface of the pipe-joint rings, the sulphur content, 
percentage loss in calorific value and change in sulphur 
content were determined (Tables 11.2 .andlL:3, Appendix). 
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The average calorific value of the undeteriorated 
rubber was 7510.2 cal/g of rubber; deteriorated rubber had 
a value of 5410.1 cal/g. The average loss in calorific 
value was 27.9%. Significant at the 1% level, Table 11.4, 
Appendix. The average sulphur content of the undeteriorated 
rubber was 1.5%; deteriorated rubber 1.4%, non-significant 
at the 5% level, Table 11.5, Appendix. The frequency 
distributions of the calorific values of the undeteriorated 
and deteriorated rubber from 18 natural rubber pipe-joint 
rings are contained in Figure 11.1. No relationship between 
the loss in calorific value and the age of the pipe-joint 
ring was apparent on plotting percentage loss of calorific 
value of the deteriorated rubber from a pipe-joint ring 
against the age of the pipe-joint ring. However, there was 
a clear relationship b~tween the extent of microbial attack 
of the intact rubber and the loss in calorific value. 
The reduction in calorific value of the deteriorated 
rubber surface was not unexpected. As previously suggested, 
the micro+organisms responsible for the deterioration of the 
rubber presumably utilize the rubber hydrocarbon as a carbon 
and energy source. As the rubber content is depeted the 
surface becomes brittle and cracked; the inorganic filler, 
reinforcing carbon black, zinc oxide and accelerator 
residues remain until insufficient supporting network of 
rubber remains to retain its integrity and surface erodes 
away. The figures for the sulphur content suggest that the 
sulphur cross-links are not lost concomitantly with the 
Figure 11.1 Frequency distribution of the calorific 
value of the deteriorated and undeteriorated 
vulcanized rubber from 18 pipe-joint rings. 
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Figure 11.1 
Calorific Value (Kcal per gm) 
Frequency distribution of the calorific 
value of the deteriorated and undeteriorated 
vulcanized rubber from 18 pipe-joint rings. 
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surrounding rubber. As vulcanized natural rubber contain-
ing carbon to carbon cross-lihks is considerably more 
susceptible to microbial, attack than sulphur cross-linked 
natural rubber (Ch~pter B), it can be suggested that the 
sulphur forming cross-linkage is an impedence to the rubber 
deteriorating micro-organisms. 
The calorific value of the vulcanized natural rubber 
from the pipe-joint rings was considerably lower than the 
figures quoted by Wood (1939) for gum vulcanizates. This 
was probably due to the practice of including carbon black 
as a reinforcing agent and inorganic fillers as dilutents in 
pipe-joint ring formulations in New Zealand (Hills, Pers. 
comm. 1969). 
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CHAPTER 12 
MICROBIOLOGICAL DETERIORATION OF VULCANIZED RUBBER IN SOIL 
AS MEASURED BY THE SOIL PERCOLATIDN TECHNIQUE 
INTRODUCTION 
Natural rubber pipe-joint rings have been collected 
showing distinct signs of microbiological deterioration on 
the outside circumference of rings in contact with soil 
surrounding the collar of the pipe-joint (Chapter 4). 
Investigations into the nature and extent of microbial 
attack of vulcanized rubber in soil were made using the soil 
percolation technique. 
HEVIEW OF LITERATURE 
A limited number of reports on the microbiological 
deterioration of rubber in soil is contained in the liter~ 
ature. These reports confirm that natural rubber 
vulcanizates are subject to microbial attack, whereas syn-
thetic rubber vulcanizates are more resistant to attack. 
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Blake and Kitchin (1949) used the reduction in the 
insulation resistance of rubber insulated copper wire and 
the physical appearance of the rubber surface as the criteria 
for the determination of the microbiological susceptibility 
of cable jacket rubbers. These were buried in moist soil 
contained in sealed wide neck two-quart glass bottles for 
periods of four to twenty months. Identical samples were 
set up in sterile water. As these did not show a loss in 
insulation resistance it was considered that the growth of 
soil micro-organisms, and not the influx of water into the 
rubber, caused the loss in insulation resistance of the 
vulcanizates in the soil burial test. The natural rubber 
cable insulation was pitted where soil micro-organisms 
utilized the polymeric material while synthetic rubber such 
as styrene butadiene rubber was penetrated by micro-organisms; 
growing at the expense of compounding ingredients other than 
the rubber hydrocarbon. Microbial growth was sustained by 
evaporated acetone extracts of styrene butadiene rubber but 
not by the extracted rubber. 
Another investigation of the microbiological deteriora-
tion of natural rubber in soil was that of Rook (1955). He 
mounted circular bands of vulcanized natural rubber of about 
0.2mm thickness on glass V-shaped rods. These were placed 
in wide glass tubes, half filled with loosely packed garden 
soil and incubated under humid conditions at 300 C for five 
months. The mycelium of an Actinomycete about the margin 
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of holes in the rubber strips was considered proof of 
microbiological deterioration. 
The microbial attack of buried pipe and cable coatings 
was investigated by Kulman (1958). Neoprene rubber was 
buried in a soil bed as pieces cut as 2" x 0.5" dumbbells 
used to measure the tensile strength and elongation at break 
of vulcanized rubber. The soil was inoculated with 
cuI tur.es of Aspergillus niger, A. flavus, Penicillium luteum 
and a Trichoderma species. The temperature was maintained 
between 15 - 300 C and water added periodically to replace 
that lost by evaporation. Reduction in tensile strength, 
elongation at break and annual insulation resistance measure-
ments on coated pipes and cables buried in the soil beds gave 
indication of the extent of deterioration after six years 
of exposure. Neoprene coatings were susceptible to micro-
biological deterioration in these soil burial tests. This 
deterioration was most marked in w"aterlogged soil inoculated 
,vi th fungi. Microbiological examination of the neoprene 
coating revealed the presence of a fungi of the genus 
Gliociadium and an Actinomycete. 
Calderon and Staffeldt (1965) put 2" silicone rubber 
samples on 1" x 3" sterile glass slides. These were buried 
in a desert soil and a soil containing organic matter in 
closed containers incubated in a chamber maintained at 300 C 
and 95% relative humidity. The samples were recovered after 
15, 30, 45, 60 and 107 days, washed, and placed on the 
surface of agar (sic). Micro-organisms growing into or on 
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the agar medium were isolated, subcultured and identified. 
The regular isolation of streptomyces spp. after prolonged 
incubation was given as evidence of the susceptibility of 
silicone rubber to microbiological attack. 
A soil burial test was used by Bulman (Pers. comm. 
1970) to gauge the relative resistance of natural rubber, 
chemically synthesized polyisoprene and styrene butadiene 
rubber to microbiological deterioration in soil. Tensile 
dumbbells of the three vulcanizates were buried in a soil 
mixture composed of equal parts topsoil, well rotted manure 
and coarse sand with a moisture content of 20 - 30%, and 
incubated at 300 C. After 13 months the samples were removed 
from the soil, washed, and submitted to tensile strength and 
alongation measurements, and the values obtained compared 
with control samples. 
Polyisoprene and natural rubber lost about 90% of 
their tensile strength and 60% of their elongation at break 
after the 13 months' exposure due to loss of strength of the 
polymeric material. The rubbers were partially dis-
integrated, discoloured, and Actinomycetes were found to be 
growing on their surfaces. However, the styrene butadiene 
rubber remained unchanged, which was indicative of its 
resistance to microbiological deterioration. 
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SOIL, EXPOSURE TECHNIQUES 
1. Soil burial test 
The soil burial test has been widely used to evaluate 
the resistance of cellulosic textiles to microbiol'ogical 
deterioration. Obviously, soil is a good source of micro-
organisms capable of growing at the expense of a wide variety 
of organic materials. The established test procedure is to 
measu~e the loss of tensile strength caused by cellulose 
decomposing micro-organisms growing on cloth buried in loamy 
soil with a 20% moisture content, incubated for two to th~ee 
o 
weeks at a temperature of 25 C. 
The soil. burial test method has been recently reviewed 
by Lloyd (1968). Variation among replicate determinations 
of the tensile strength of fungicide treated textiles is 
relatively small in soil burial experiments up to two to three 
weeks' duration, but variation occurs between soil burial 
tests conducted at different laboratories (Kempton, Maisel 
and Kaplan, 1963; and Hueck and Van der Toorn, 1965). 
Soil properties that control the rate of cellulose 
breakdown were investigated by Schmidt and Ruschmeyer (1958). 
Soil reaction, nitrate content and nitrifying capacity were 
the factors frequently correlated with high cellulolytic 
activity. Lloyd (1955) and Ashcroft and Bell (1960) 
emphasized that soil burial tests suffer the disadvantages of 
incomplete physical contact of the specimen under test with 
the soil, the difficulty of controlling the degree of aeration 
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and moisture content of soil. The short duration of the 
test and the low moisture content of the soil lead Walchi 
(1967r to conclude that the soil burial test waS primarily 
a measure of the susceptibility of the material to fungal 
attack. 
For these reasons it was decided to use the soil 
percolation technique, and not the soil burial test, to 
determine the microbiological deterioration of rubber in 
soil. 
2. Soil percolation technique 
The soil percolation technique was first suggested by 
Lees and Quastel (1944) and has been used to study nitrifi-
cation in the soil (Lees and Quastel, 1946 j and I"ees, 1948), 
carbon dioxide evolution from the soil (Lees, 1949); anti-
biotic production in soil (Stevenson and Lochhead, 1953); 
bacterial pigment production on fleece (Mulcock, 1961); 
sulphur oxidation (Temple, 1951); elective culture of soil 
micro-organisms (Sharp and Taylor, 1969; and Cripps and 
Norris, 1969), and the biodeterioration of bitumens (Traxler, 
1965). 
A number of modifications of the original percolation 
apparatus have been described (Lees, 1944, 1947 and 1949; 
Audus, 1946; 
Sims, 1956; 
Stevenson and Lochhead, 
Gundersen, 1960; Smith, 
1953; 
1962; 
Collins and 
Morrill and 
Dawson, 1964; Cripps and Norris, 1969; 
Taylor, 1969). 
and Sharp and 
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Basically, an air pressure-syphon system is used to 
lift a small quantity of fluid from a reservoir to the top 
of a column of soil or other material down which it percolates 
and returns to the reservoir. Control of aeration and 
percolation rates is possible by adjusting the air vacuum 
pump. The emergent gases and percolate may be withdrawn 
for analyses and the apparatus may be kept ·in a sterile con-
dition for pure culture studies. 
The inclusion of strips of vulcanized rubber in soil 
columns of percolation units was considered an excellent 
method of determining the microbiological deterioration of 
rubber in soil. The high degree of aeration, the presence 
of liquid water and the ability of the percolation units to 
be maintained under controlled conditions during a long term 
experiment were considered more likely to encourage the 
growth of the type of micro-organisms namely the Actinomycetes 
that have been implicated in the deterioration of rubber. 
METHOD AND MATERIALS 
Soil percolation units 
The percolation units used to assess the microbiologi-
cal deterioration of rubber were basically the type described 
by Audus (1946) ,qhich worked by a negative pressure 
circulation system. 
percolation unit. 
Figure 12.1 is a photograph of the 
Figure 12.1 A bank of six soil percolation units used 
to investigate the microbiol:ogical 
deterioration of vulcanized rubber in soil. 
Fig. 12.1 A Bank of six soil percolation units used to investigate 
the microbiological deterioration of vulcanized rubber 
in soil. 
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The units were set up on a frame in banks of six, and 
placed in a constant temperature room maintained at 24 + 1 0 c. 
Each unit was connected to a manifold and evacuated by a 
water vacuum spray. The rate of evacuation was adjusted to 
maintain the soil column just short of waterlogged. 
Samples used in the percolation units were a number 
of natural rubber and synthetic rubber vulcanizates. 
Detai~s of the formulation of these vulcanizates are given 
in the Appendix, Tables 7.1 and 8.1. Strips of the vulcan-
ized rubber 0.5" wide were cut from 6" x 6" tensile sheets 
and buried in the soil column so that about one inch protruded 
from the soil. A loamy soil was collected from a garden in 
Trafford Street, Christchurch, an area where natural rubber 
pipe-joint rings have been collected deteriorated on the 
outer circumference in contact with the soil surrounding the 
collar of the pipe joint of domestic sewer laterals. The 
soil was air dried, the 2-4mm fraction was sieved out and 
used to fill the percolation columns. To ensure good con-
tact between the rubber sample and the soil the columns were 
consolidated by the stepwise addition of soil and tapping 
until the units contained soil closely packed about the 
rubber strip but with sufficient air spaces between the soil 
particles to allow for continuous percolation of water do.m 
the column. 
Two wads of glass wool sealed the column of the 
percolation unit. The reservoir was filled with 200 ml of 
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unchlorinated tapwater. Twenty-eight percolation units were 
set up in the experiment, each adjusted to an equal rate of 
percolation. 
The experiment was designed to determine the effect of 
accelerating systems on the microbiological. deterioration of 
natural rubber vulcanizates, the susceptibility of synthetic 
rubber and the degree of protection the inclusion of anti-
oxidants gave to vulcanized natural rubber when exposed to 
a soil environment. 
After 18 months the vulcanizates were recovered from 
the soil percoluation units, washed with tapwater to remove 
the adhering soil particles, and the extent of the micro-
biological deterioration determined by visual inspection of 
the rubber surface, measurement of the uptake of oxygen of 
the micro-organisms growing on the surface by Warburg 
micro-respiratory, and the loss of weight of the rubber 
samples. 
Warburg microrespiratory 
Sections 0.5" x 0.25" were cut from the end of the 
strips immersed in the soil column. Triplicate samples of 
two sections were placed together with 2.0 ml of buffered 
mineral salts solution (0.05% K2HP0 4, 0.05% KH2P0 4, 0.1% KN03 
and 0.05% MgS04 7H20) in a flask of a Warburg apparatus 
(Braun model V 166) and 0.2 ml of 20% (W/V) KOH was placed 
in the centre well. A filter paper wick was used to 
increase the surface area of absorption of carbon dioxide 
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and to prevent the alkali creeping over the rim of the 
centre well. 
The rate of oxygen uptake of the rubber deteriorating 
micro-organisms growing on each respective rubber sample at 
o 22.5 C was recorded over an eight-hour incubation period. 
A, detailed discussion of the use of Warburg microrespiratory 
in measuring the extent of microbiological deterioration of 
vulca~ized rubber is contained in Chapter 7. 
Loss of weight of rubber samples 
The rubber strips were washed with tapwater and air 
dried to constant weight in a vacuum drying oven at 45 0 C. 
The total loss in weight and the percentage loss in weight 
of vulcanizate was calculated. The rubber sections used 
in the Warburg experiment were recovered so that the loss of 
weight of duplicate samples of the 14 vulcanizates could be 
determined. 
Isolation of micro-organisms capable of deteriorating 
rubber 
The soil percolation technique may act as an enrich-
ment cultural method encouraging the growth of soil micro-
organisms with the capacity to attack vulcanized rubber. 
Two ml of percolating fluid were removed from the reservoir 
of each unit and pipetted into sterile petri dishes and 
latex salts agar (0.05% K2HP04 , 0.05% KH2P0 4 , 0.1% KN0 3 , 
0.05% MgS04.7H20, 2% agar, 1% natural rubber latex, pH 6.8) 
Imured over the inoculum. The plates were incubated at 
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230 C for 14 days and the coLonies inspected for the ability 
to clear the latex agar. This procedure was repeated with 
potato dextrose agar, and nutrient agar. The plates were 
inspected after two - three days! incubation. 
RESULTS AND DISCUSSION 
The soil percolation technique proved to be adequate 
for the determination of the microbiological deterioration of 
vulcanized rubber in soil under controlled conditions. 
Natural rubber vulcanizates were susceptible to micro-
biological deterioration while synthetic rubber vulcanizates 
were not subjected to deterioration. An exception was the 
inability of styrene butadiene rubber to resist deterioration. 
Visual appearance of the rubber samples 
Deterioration of the rubber surface was confined to 
the area within the soil column. Fungal growth on the 
surface of the rubber exposed to the high humidity of the air 
space between the soil surface and the glass wool wad was 
superficial. The organisms were usually an Aspergillus sp. 
The activities of rubber deteriorating micro-organisms were 
apparent as erosion of the surface of the vulcanized natural 
rubber. This erosion was confined to the areas of the 
rubber surface in intimate contact with the soil particles. 
A detailed description of the pattern of deterioration of the 
rubber samples is contained in Table 12.1. 
- :.:- -.: -: ~ :-: - :.~ : .. - . - . . 
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Table 12.1a 
A detailed description of the pattern of deterioration 
of the vulcanized natural rubber samples after 18 
months in a soil percolation unit 
Natural rubber 
vulcanizates 
MBTS-sulphur-natural 
rubber vulcanizate 
Description of Extent of 
deterioration deterioration 
A deep, irregular pattern 
of surface deterioration ++++ 
TMTD sulphurless cured 
natural rubber 
A deep, irregular pattern 
of surface deterioration ++++ 
DPG sulphur cured 
natural rubber 
Dicumyl peroxide 
cured natural rubber 
CBS sulphur cured 
natural rubber 
MBTS/TMTM sulphur 
cured natural rubber 
vulcanizate 
MBTS/TMTM sulphur 
cured natural rubber 
plus antioxidant 
MBTS/T1v1TM sul1phur 
cured natural rubber 
plus network bound 
antioxidant 
Unaccelerated 
sulphur cured 
natural rubber 
Rubber stiff, transverse 
cracking, an irregular 
pattern of smooth undeter-
iorated and rough deter-
iorated surface 
Deep irregular erosion of 
the surface with holes 
giving it a sponge-like 
appearance 
Irregular pox-marked 
surface with little re-
duction in cross-
sectional area 
Irregular surface 
deterioration 
Deteriorated surface 
had a finely divided 
appearance 
Deep irregular surface 
deterioration 
Surface undeteriorated 
but has a skin of stiff 
rubber and blooming 
sulphur 
+++ 
+++ 
+ 
++ 
++ 
++ 
o 
- -'.-.;' 
Vulcanizate 
Nitrile rubber 
Neoprene 
Butyl 
Polybutadiene 
Styrene buta-
diene .rubber 
Table 12.1b 
Synthetic rubber vulcanizates 
Description of deteriorated 
surface 
Undeteriorated 
Undeteriorated 
Undeteriorated 
Undeteriorated 
Slight deterioration 
carbon black bleeding 
from the surface 
Extent of 
deterioration 
o 
o 
o 
o 
+ 
Key: Extent of the microbiological deterioration of the 
rubber surface: extremely deteriorated ++++, 
considerably deteriorated +++; moderately deter-
iorated ++; slight deterioration +, no deteriora-
tion 0. 
Warburg microrespiratory 
The results of the Warburg microrespiratory experiments 
are shown in Figures 12.2 and 12.3. The uptake of oxygen by 
the micro-organisms growing at the expense of the natural 
rubber vulcanizates demonstrated the susceptibility of 
natural rubber to microbiological deterioration (2.3 fll of 
02 per hour). The synth~tic rubber vulcanizates neoprene, 
polybutadiene, nitrile and butyl had an uptake of oxygen 
similar to a control flask without rubber (0.1 1'1 of 02 per 
hour)" '''hile the uptake of oxygen ;from the surface of the 
styrene butadiene rubber was intermediate (0.5 1'1 of 02 per 
hour} • Significance at the 1% level. An analysis of 
variance of the experimental data is contained in Table 12.2 
in the Appendix. The effect of accelerating system and the 
Figure 12.2 Natural vs. Synthetic Rubber 
Oxygen uptake by micro-organisms growing on 
standard sections of vulcanized rubber after 
18 months in soil percolation units, measured 
by Warburg microrespirometry. 
. - ~.~ : :-. -' 
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Figure 12.2 
Naturili Rubber 
Styrene Butad iene 
N610prcnc 
Butyl 
Nitrile 
Polybutadiene 
.. 
o 
o 
• 
o 
Time in hours 
Natural vs. Synthetic Rubber 
Oxygen uptake by micro-organisms growing on 
stundard sections of vulcanized rubber after 
18 months in soil percolation units, measured 
by Warburg microrespirometry. 
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presence of antioxidants on the rate of microbiological 
deterioration of natural rubber vulcanizates in soil is 
illustrated in Figure 12.3. All the natural rubber vulcan-
izates had an uptake of oxygen greater than the synthetic 
rubbers with the exception of styrene butadiene rubber which 
had a higher uptake than four of the nine natural rubber 
vulcanizates. (An analysis of variance of the data is con-
tained in Tables 12.3 and 12.4, Appendix). 
The effect of accelerating system is apparent; the 
extremes are the conventional sulphur acceler~ted MBT and 
CBS natural rubber vulcanizates but relative rates of micro-
biological deterioration of the TMTD sulphurless, dicumyl 
peroxide and unaccelerated sulphur cured natural rubber 
vulcanizates are not reconcilable with the results in 
Chapter 8. The environmental stress and microbiological 
population are presumably quite different in soil percolation 
units and in a Leeflang test bath. 
Loss of weight of rubber samples 
The percentage loss of weight of the natural rubber 
vulcanizates ranged from 13% to 2.7%. The synthetic rubber 
with the exception of styrene butadiene rubber (10.8% loss 
in weight) were less than the loss in weight of the natural 
rubber vulcanizates. Analysis of variance showed the loss 
in weight data was non-significant at the 5% level. The 
details of the total loss in weight, and percentage loss in 
weight are contained in Table 12.5. 
Figure 12.3 Curing systems 
Oxygen uptake by micro-organisms growing 
at the expense of standard sections of 
vulcanized natural rubber after 18 months 
in soil percolation units, measured by 
Warburg microrespirometry. 
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Teble 12.5 
Loss in weight of strips of vulcanized rubber after 
18 months in soil percolation units 
Type of vulcanized 
rubber 
Average of duplicate 
samples 
Dicumyl peroxide 3.202g 
cured natural 
rubber 
MBTS sulphur cured 3.526g 
natural rubber 
TMTD sulphurless 3.550g 
cured natural rubber 
DPG sulphur cured 3.867g 
natural rubber 
MBTS/TMTM sulphur 3.530g 
cured natural rubber 
CBS sulphur cured 3.519g 
natural rubber 
Styrene butadiene 3.221g 
rubber 
Butyl 3.169g 
Nitrile 3.460g 
Polybutadiene 5.276g 
Neoprene 3.342g 
2.930g 
3.051g 
3.391g 
3.342g 
3.425g 
3.100g 
3.32 8g 
5.196g 
3.S42g 
Non-significant at the 5% level. 
Loss in 
weight 
0.272 g 
0.450g 
0.461g 
0.188g 
0.069g 
0.082g 
0.085g 
+0.301g 
% loss in 
weight 
12.8% 
13.0% 
12.3% 
10.8% 
2.2% 
2.4% 
1.6% 
*9.1% 
Isolation of micro-organisms capable of deteriorating 
natural rubber latex 
No colonies with the capacity to grow at the expense 
of natural rubber latex were isolated from the percolation 
fluid. Conunon soil fungi, especially a Fuscarium sp., were 
isolated on potato dextrose agar and nutrient agar. 
The role of soil fungi in the midrobiological deter-
ioration of vulcanized rubber in soil was not investigated. 
--"";0 
239 
Generally, there was good agreement between the 
criteria of the visual appearance of the rubber surface, the 
uptake of oxygen of the micro-organisms growing at the expense I 
of the rubber as measured by Warburg microrespiratory and the 
percentage loss in weight of the rubber sample after 18 
months in soil percolation units. 
The published results of Blake and Kitchin (1949) that 
the styrene butadiene co-polymer was not utilized as a carbon 
and energy -source by soiL micro-organisms l~as not confirmed. 
The evidence presented suggests that styrene butadiene rubber 
is susceptible to microbiological deterioration in soil. 
Further work is required to follow up this discovery. The 
influence of formulation of the deterioration of styrene 
butadiene rubber, the micro-organisms responsible and 
mechanism of attack all require investigation. In the light 
of this finding the recommendation for the replacement of 
natural rubber by styrene butadiene rubber in environments 
favourable for microbial attack must be treated with 
reservation. 
The relative resistance of differently formulated 
natural rubber vulcanizates to microbiological deterioration 
in the soil burial test of Rook (1955) was largely 
unconfirmed. The diphenyl guanidine sulphur accelerated 
and the tetramethyl thiuram disulphide sulphurless cured 
vulcanizates found to be undeteriorated by Rook (1955) were 
subjected to microbiological attack in the soil percolation 
experiments. The operation of the percolation units 
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exposures the rubber surface to continuous leaching which 
can remove compounding ingredients and accelerator residues 
'vi th microbiocidal properties whereas these conditions are 
not present in soil burial tests. Furthermore, Rook (1955) 
postulated that the presence of carbon black in the natural 
rubber vulcanizates most heavily attacked may have been 
responsible for their susceptibility. However, he fai~sd 
to consider the presence of additional nutrients such as 
lubricating oil and stearic acid which Blake, Ki-tchin and 
Pratt (1950) claim tend to make vulcanized rubber more 
susceptible to microbiological attack. 
Neoprene was not subject to microbiological deteriora-
tion in the soil as claimed by Kulman (1958). Reduction of 
insulation resistance and tensile strength are inadequate 
criteria for the determination of the midrobiological deter-
ioration of a material. Insulation resistance is sensitive 
to water absorption. The use of sterile controls goes part 
of the way in separating the effect of water absorption from 
the microbiological deterioration of a material, but the 
physical presence of micro-organisms can produce a network of 
conducting mycelia markedly reducing the insulation resist-
ance of the material. The loss in insulation resistance in 
a controlled experiment confirms the presence of a micro-
organism ramifying the surface of the material, but further 
evidence must be represented to demonstrate that the micro-
organism is capable of utilizing the material. Calderon, 
Sandoval and Staffeldt (1966) cited a report of Gauger and 
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Litchfield (1965) which claimed that 45 volts D.C. can be 
conducted through individual fungal strands. Obviously, 
electrical conductance of this magnitude will lead to a 
rapid loss of insulation resistance of a material with the 
concomittant growth of an invading micro-organism. 
Details of a reduction in tensile strength of neoprene 
without an erosion of the polymer surface are contained in 
Chapter 7. This was undoubtedly caused by water absorption. 
Calderon and Staffeldt (1965) advance insufficient 
evidence to conclude that silicone rubber is subject to 
microbiological deterioration in soil. To use the number of 
micro-organisms growing from a silicone rubber sample 
embedded in agar after burial in a soil environment as the 
sole criterion of microbiological attack is a dangerous step. 
A comprehensive discussion of the colonization of 
substrates as demonstrated by the Rossi-Cholodny buried 
slide technique is contained in a review article on the direct 
observation of bacteria in soil by Gray et ale (1968). 
Data presented on the decomposition of strips of chitin in 
a pine forest litter soil, intertidal mud, and the open seg-
ment indicate that both the rate of decomposition and the 
micro-organisms involved varied with the different environ-
ments. Changes in the percentage frequency of occurrence 
of micro-organisms on chitin strips were recorded over the 
period of time required for the degradation of the chitin. 
A Rossi-Cholodny control slide which carried no substrate 
was used to differentiate colonization due to the presence 
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of the substrate and that due merely to the presence of a 
fresh surface in the environment. Micro-organisms isolated 
from a material should be tested for their ability to attack 
that material and its decomposition products to establish 
without doubt their role in the deterioration. 
The presence of an antioxidant in the vulcanized 
natural rubber had virtually no effect in reducing the degree 
of mi~robioLogical deterioration of the rubber surface. 
The antioxidant N',3 dimethyl butyl N' phenyl p-pheny~ene 
diamine was chosen for its low water solubility and ability 
to resist leaching from the rubber surface, but the continuous 
percolation over 18 months apparently removed the antioxidant. 
The other antioxidant used Was a network bound antioxidant 
derived from the reaction of p nitroso diphenylamine of 
rubber during vulcanization. This imparts an unusualLy 
high ageing resistance to vulcanizates which is unimpaired 
by extractiori with water or organic solvents. The develop-
ment of network bound antioxidants is described by Cain et 
ale (1968). Although the network bound antioxidant 
cannot be leached from the rubber surface, this lack of 
migration to the surface presumably prevents the antioxidant 
replenishing the area of the most oxidative stress and 
microbiological deterioration. 
To sum up, natural rubber vulcanizates are susceptible 
to microbiological deterioration in soil, a styrene buta-
diene rubber copolymer was subject to slight attack, while 
neoprene, polybut~diene, butyl and acrylonitrile vulcanizates 
are resistant as measured by the soil percolation technique. 
The high microbio~ogical stress in the soil:. environment, 
the percolation of the water down the rubber surface and the 
high d~gree of ieration all make the soil percolation 
technique an excellent method of determining the susceptibility 
of vulcanized rubber to microbiological deterioration. 
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CHAPTER 13 
USE OF THE SCANNING ELECTRON MICROSCOPE TO INVESTIGATE 
THE MICROBIOLOGICAL DETERIORATION OF RUBBER 
INTRODUCTION 
A scanning reflection electron microscope was used 
to investigate the surface topography of microbiologically 
deteriorated vulcanized rubber. The high resolving power 
and depth of field of the scanning electron microscope 
make it far superior to an incident light microscope for 
examining the surface of the deteriorated rubber and 
identifying the micro-organisms responsible for the deter-
ioration. 
REVIEW OF LITERATURE 
Micro-organisms are usually not apparent on the 
surface of deteriorated natural rubber pipe-joint rings. 
Rook (1955) commented that a microscopic examination of 
deteriorated pipe-joint rings rarely revealed the presence 
of Streptomyces sp. which could be isolated from the 
interior of the deteriorated ring on natural rubber latex 
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plates. This observation was confirmed by Anon (1961). 
This is not unexpected as the vegetative mycelium of the 
rubber deteriorating Streptomyces sp. ramify through the 
polymeric material and become visible on the surface only 
when an aerial mycelium develops. Similarly, Subrahmanyan 
(1929) noted that a vegetative mycelium is only seen on 
decomposing plant residues. 
The literature contains conflicting reports on the 
factors responsible for the formation of the aerial mycelium. 
Erikson (1947) found that the accessibility to air and 
dehydration of the substrate were the two main factors 
affecting the development of the aerial mycelium of an 
Actinomycete. Conidia were consistently produced on soil 
extract agar when the composition, moisture content and 
temperature are maintained constant, while in soil the 
initial stimulus of sporolation was free access to the air. 
Once growth is established dehydration lead to lysis of the 
vegetative mycelium and the aerial mycelium proliferated. 
In a more recent study of the development and 
organization of the mycelia of Streptomyce~ coelicolor the 
anatomy of individual colonies was studied at various stages 
of development by an electron microscopic examination of 
surface impressions and thin sections of the colony. 
lHldermuth (1970) found that young colonies consisted of a 
vegetative mycelium composed of a loose network of hyphae 
which were uniform in appearance. As the colony developed 
two trends were noted. Terminal conidia formed on the 
al±6 
aerial mycelium and the substrate mycelium underwent lysis. 
The accumullation of metabolic products, the exhaustion of the 
substrate and the water content of the agar markedly affected 
the sporolation of the Actinomycete. 
Microscope techniques 
A number of techniques has been used to demonstrate 
the micro-organisms deteriorating polymeric materials. 
Differential staining techniques have been popular in the 
detection of organisms deteriorating cellulosic materials 
(Rose et ale 1957; and Basu and Ghose, 1966). The use of 
the electron microscope in the study of the changes in the 
cotton fibre microstructure exposed to cellulase extracts 
and common cellulolytic micro-organisms by Porter et ale 
(1960) was very rewarding. The breakdown of the fibrillar 
structure and the intimacy of the cellulose and attacking 
micro-organism were apparent. However, erosion of the 
rubber surface due to microbiological deterioration makes the 
study of the surface difficult even at low magnification 
with incident light microscopy. At higher magnifications 
neither the light microscope nor the transmission electron 
microscope is adequate. 
A number of research workers have used the scanning 
electron microscope in the investigation of the biodeteriora-
tion of a polymeric material. Findlay and Levy (1969) and 
Borgin (1970) found scanning electron microscopy an invaluable 
technique for studying the fungal breakdo1·m of wood. 
In a series of stereoscan photomicrographs, Borgin 
(1970) revealed the mechanism of structure breakdown. The 
gradual deterioration of the middle lamella, the various 
layers of the cell wall and loss in cohesiveness of wood 
tissue and fibre were shown. 
Photomicrographs of young colonies of the cellulose 
degrading micro-organism Chaetomium globosum showed the 
mechanism of cellulase deposition. These were contained in 
a news report on the development of new family of fungicides 
by Dr. D.M. Wiles of the National Research Council of Canada 
( Anon, 1970 ) • 
The dispersion of microbioc~des on cotton textiles was 
investigated by Hueck et ale (1968), using a scanning 
electron microscope. Obviously the scanning reflection 
microscope is a powerful new tool for the study of biodeter-
ioration. 
Care must be taken in the interpretation of photo-
micrographs. Gray (1967), in a paper on the scanning electron 
microscopy of soil micro-organisms gro1Ning in soil, emphasized 
the need for a collection of pure reference cultures examined 
with the scanning electron microscope (SEM). In this 
respect, the SEM microphotographs of Actinomycetes tal<;:en by 
Williams and Davies (1967) and Williams (1970) are invaluable 
for comparison with micro-organisms, presumably Actinomycetes, 
growing on deteriorated vulcanized natural rubber. 
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METHODS AND MATERIALS 
Optical Microscopy 
Deteriorated natural rubber pipe-joint rings were 
obtained from underground pipe lines in the Christchurch area 
for microscopic examination. 
The absorption of fluorescent brighteners by growing 
cultures of micro-organisms was described by Darken (1962). 
Portio~s of deteriorated pipe-joint rings one inch long were 
incubated in a mineral salts solution (0.1% K2 HP0 4 , 0.02% 
MgS04.7H20 and 0.1% KN0
3
) containing 0.1% of the disodium 
salt of 44' bis ( anilino - 6 - bis 2 hydroxyethyl) amino -
5 trizinzyl amino 2.2' stilbene disulphonic acid for two 
weeks. The deteriorated rubber surface was microscopically 
inspected, using an ultra-violet incident light source. 
A differential staining technique was used by Addicott 
(1944) to discern the distribution of natural rubber latex 
in the Guayule plant. Staining with Oil Blue N, followed by 
counter staining with Safranin or Congo red for 30 minutes 
at 55 0 C, followed by a rinse in 50% ethanol, to remove the 
excess stain was effective in differentiating latex from 
plant tissue. This technique was applied to deteriorated 
pipe-joint rings. 
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RESULTS AND DISCUSSION 
The absence of an aerial mycelial growth of the 
rubber deteriorating Actinomycetes, the irregularity of the 
deteriorated rubber surface and the presence of fluorescent 
compounding ingredients in the vulcanized rubber all made it 
impossible to determine the presence of the deteriorating 
micro-organisms. The application of the differential 
staining technique to deteriorated rubber pipe-joint rings 
'vas a failure. 
Scanning electron microscopy 
The use of the scanning electron microscope provided 
a method of resolving the difficulties of microscopically 
examining deteriorated rubber. 
METHODS AND :rvIATERIALS 
A Cambridge Stereoscan II A scanning reflection 
o 
microscope, having a resolving power of 150 to 300 A and a 
magnification range between 14 and 200,000 times situated 
at the Physics and Engineering Laboratory, New Zealand 
Government Department of Scientific and Industrial Research 
was used in this investigation. 
Preparation of deteriorated rubber samples 
Microbiologically deteriorated vulcanized rubber "lvas 
freeze dried for 12 hours in a freeze dry machine (W.G.G. 
Cuddon Ltd., Blenheim, New Zealand). Small portions of the 
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deteriorated rubber were cut and placed on a specimen holder, 
a small metal stud coated with an adhesive. The specimen 
was coated with a double layer of carbon and palladium-gold 
alloy by means of a vacuum evaporation technique. This 
procedure minimizes charging effects (Boyde and Wood, 1969). 
The holder was placed in the microscope and after 
evacuation the specimen was scanned by an electron beam. 
The electrons reflected from the surface of the deteriorated 
rubber were detected by a scintillator-photomultiplier 
system. They induced the formation of an image on a 
cathode-ray tube screen which 'vas photographed on 35 mm film. 
Deteriorated natural rubber pipe-joint rings 
Fresh samples of deteriorated pipe-joint rings were 
obtained from domestic sewer laterals in the Christchurch 
area. 
These rings were ''lashed to remove adhering soil and 
sewage, and placed in the freeze dry machine overnight. 
Small sections were cut from the deteriorated surface, 
coated with palladium-gold, shadowed with carbon black, and 
scanned. 
As no micro-organisms were visible on the deteriorated 
rubber surface, additional pipe-joint rings were subjected to 
laboratory condi tions likely to stimulate microbial grOlvth 
and sporolation. 
Whole deteriorated pipe-joint rings were placed in 
250 ml conical flasks containing 100 ml of mineral salts 
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solution (0.05% K2 HP0 4 , 0.05% KH2 P0 4 , 0.1% KN0 3 and 0.02% 
MgS04.7H20). These were incubated on a rotary shaker in a 
constant temperature room maintained at 24 + 10 C. 
After one month a surface growth of an aerial mycelium 
on the rubber above the mineral salts solution was notice-
able. The rings were removed from the shake flasks, 
freeze dried and the deteriorated rubber surface inspected by 
the scanning electron microscope. 
RESULTS AND DISCUSSION 
The application of scanning electron microscopy to 
the study of the nature of the microbiological deterioration 
of natural rubber pipe--joint rings was a success. 
The deteriorated surface of the pipe-joint rings was 
deeply creviced and irregular while the undeteriorated 
surface was smooth and regular in appearance l~en viewed at 
65 times magnification (Plates 13.1 and 13.2). At 1300 
times magnification the deteriorated rubber surface was seen 
to be sponge-lil(e and irregular while the undeteriorated 
surface was entire and regular (Plates 13.3 and 13.4). 
Two Actinomycetes were found growing on the deter-
iorated rubber surface. The aerial mycelium of a Strepto-
myces sp. was very obvious as numerous conidia shed from 
terminal hyphae covered the surface (Plates 13.5 and 13.6). 
Another Actinomycete was found ramifying through the deter-
iorated rubber surface. This organism had a septated 
fragmentary mycelium. The presence of transverse walls in 
Plate 13.1 A Stereoscan photomicrograph of the surface 
o f a deteriorated natural rubber pipe-joint 
ring. Ma gnificat i on 65X. 
Plate 13.2 A Stereoscan photomicrograph of the surface 
of an undeteriorated p ipe-joint r i ng. 
Magnification 65X. 
Plate 13.3 A Stereoscan photomicrograph of the surface 
of a deteriorated pipe-joint ring . 
Magnific a tion 1300X. 
Plate 13.4 A Stereoscan photomicrograph of t h e surface 
of an undeteriorated pipe-joint ring . 
Magni f ication 1300X. 
Fig. 13.1 A stereoscan photomicrograph of 
the surface of a deteriorated 
natural rubber pipe-joint ring. 
Magnification 65X 
Fig. 13.3 A Stereoscan photomicrograph 
of the surface of a deterior-
ated pipe-joint ring. 
Magnification 1300X 
Fig. 13.2 A Stereoscan photomicro 
-graph of the surface of an 
undeteriorated pipe-joint ring. 
Magnification 65X 
Fig.13.4 A Stereoscan photomicro-
graph of the surface of an 
undeteriorated pi lle-joint ring. 
Magnification 1300X 
Plate 13.5 A Stereoscan photomicrograph of a 
Streptomyces sp. growing on a deteriorated 
pipe-joint ring. Ma gnification 2 2 00X. 
Plate 13.6 A Stereoscan photomicrograph of a 
Streptomyces s p . growing on a deteriorated 
pipe-joint ring. Ma gnification 56oox. 
P late 13.7 A Stereoscan photomicrograph of a Nocardia 
s p . growing on a deteriorated pip e -joint 
r i ng. Magnification 1100 X. 
P late 13.8 A Stereoscan photomicrograph of a Nocardia 
sp. growing on a deteriora ted pipe-joint 
ring. Magnific a tion 56oox. 
Fig. 13.5 A Stereoscan photomicrograph of 
a Streptomyces sp. growing on a 
deteriorated pipe-joint ring. 
Magnification 2200X 
Fig. 13 . 7 A Stereoscan photomicrograph 
of a Kocardia sp. growing on 
a deteriorated pipe-joint ring. 
Magnification 1100X 
Fig. 13.6 A Stereoscan photomicro-
graph of a Streptomyces Sp. 
growing on a deteriorated pipe-
joint ring. r agnification 5600x 
Fig. 1j.e A Stereoscan photomicro-
graph of a No ardia sp. 
growing on a deteriorated pipe-
joint ring. Magnification 5600x 
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the branching mycelium suggested that this organism belonged 
to the Genus Nocardia (Plates 13.7 and 13.8). 
A COMPARISON OF HEAT AGEING, OZONE ATTACK AND MICROBIOLOGICAL 
DETERIORATION 
INTRODUCTION 
Scanning electron microscopy offers an excellent 
opportunity to compare the effects of heat ageing, ozone 
attack and microbiological deterioration on the surface of 
vulcanized rubber. 
Strips of natural and synthetic rubber were exposed 
to conditions conducive to these three forms of deterioration 
and their surfaces inspected by the scanning electron 
microscope. 
METHODS AND }lATERIALS 
Vulcanized rubber samples 
The effect of accelerator system in vulcanized natural 
rubber and the difference of various rubber in their resist-
ance to heat ageing, ozone attack and microbiological deter-
ioration were examined. 
Replicate strips of vulcanized rubber 0.5" x 6" were 
cut from tensile sheets. A strip of each vulcanized rubber 
was exposed to 100 ppm of ozone for three hours at 39 0 C in 
an ozone cabinet (Ozone Test Chamber Model MS, Ozone Research 
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and Equipment Company). The rubber samples were under 20% 
extension to encourage surface cracking during the ozone 
attack. 
Accelerated oxidative ageing was achieved by a 20-day 
exposure to a 700 Coven (Gallenkamp air ageing oven). 
Similar samples of microbiologically deteriorated 
rubber were obtained from strips held in the Leeflang test 
bath ~or one year (Chapter 7). 
The details of the appearance of the vulcanized rubber 
are given in Tables 13.1 and 13.2. 
Table 13.1 
Appearance of the synthetic rubber surfaces 
(Microphotographs 1300 times magnification) 
Type of 
vulcanized 
rubber 
Poly-
butadiene 
Nitrile 
Styrene 
butadiene 
rubber 
Neoprene 
Untreated 
Regular 
surface 
bearing 
fragments 
of rubber 
Regular 
surface 
slight 
pitting 
Regular 
surface 
lvi th 
granular 
fragments 
Crazed 
with a 
flacking 
surface 
bloom 
Heat ageing 
Surface 
crazed, 
flagstone 
appearance 
Surface 
farrows 
Regular 
surface 
with 
larger 
fragments 
Irregular 
surface 
cracking 
and rubber 
fragments 
Ozone attack 
Very deep 
transverse 
cuts 
Dappled 
appearance 
due to an 
irregular 
blooming 
Deep trans-
verse cut 
and large 
irregular 
fragments 
Microbiologi-
ca1: deter-
ioration 
As untreated 
surface, 
large frag-
ments lost. 
Slightly 
more irregu-
lar than 
untreated 
control 
Even surface 
Deeply craz~d Regular 
transverse surface 
cuts bloom lost. 
Table 13.1 (contd.) 
Type of 
vulcanized Untreated Heat ageing 
rubber 
Butyl Regular Highly 
rectang- irregular 
ular fragmenta-
surface tion of 
flagstones surface 
of blooming 
material 
':.-.,' ., .. ',.,.,' .... ,. 
Hicrobiologi-
Ozone attack cal deter-
ioration 
Irregular 
superficial 
surface 
cracking 
Even surface 
blooming 
lost. 
The stereoscan photomicrographs of the polybutadiene 
surface illustrate the effects of the three treatments 
(Plates 13.9, 10, 11 and 12). Plate 13.13 shows the super-
ficial growth of Actinomycetes and bacteria on the rubber 
surface. 
No penetration of the polymeric material is apparent. 
The effects of heat treatment and ozone attack on 
vulcanized natural rubber were similar to those of synthetic 
rubber. In contrast, the natural rubber samples are clearly 
subject to microbiological deterioration. 
I 
Plate 13.9 A Stereoscan photomicrograph of the surface 
of a vulcanized polybutadiene rubber 
untreated. Magnification 900X. 
Plate 13.10 A Stereoscan photomicrograph of the surface 
of a vulcanized polybutadiene rubber. 
Heat aged. Magnification 900X. 
Plate 13.11 A Stereoscan photomicrograph of the surface 
of a vulcanized polybutadiene rubber. 
Ozone attacked. Magnification 900X. 
Plate 13.12 A Stereoscan photomicrograph of the surface 
of a vulcanized polybutadiene rubber. 
One year in a Leeflang test bath. 
Magnification 1350X. 
Figs.13.9to13.12. Stereoscan photomicrographs of the surface of a vulcanized 
polybutadiene rubber. 
Fig.13.9 Untreated. 
Magnification 900X 
Fig. 13.11 Ozone attacked 
Magnification 900X 
Fig.13.10 Heat aged 
Magnification 900X 
Fig.13.12 One year in a Leeflang 
test bath. 
Magni fi cation 1350X 
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Table 13.2 
Appearance of the natural rubber surfaces 
(Microphotographs 1300 times magnification) 
Type of 
vulcanized 
natural 
rubber 
TMTD 
sulphurless 
cured 
DPG 
Sulphur 
cured 
Dicumyl 
sulphur 
cured 
MBT 
sulphur 
cured 
MBTS 
sulphur 
cured 
Untreated Heat ageing 
Regular Surface 
granular crazed, 
appearance flagstone 
appearance 
Ozone attack 
Deep trans-
verse cuts 
and 
irregular 
surface 
Microbiologi-
cal deter-
ioration 
Highly 
irregular 
surface deter-
ioration 
Very deep Surface Regular 
farrow-ed 
appearance 
with transverse unevenly 
cuts,surface pitted and 
Regular 
surface 
large 
surface 
fragments 
Regular Regular 
pitted and 
fragmented 
Regular Regular 
granular pitted 
appearance granular 
appearance 
Regular Highly 
uneven granular 
surface appearance 
1dth 
slight 
cracking 
uneven and sponge-like 
pitted 
Very deep Sponge-like 
transverse irregular 
cuts, pitting 
fragments 
Transverse Highly 
farro-w-s with irregular 
fragmenta- appearance 
tion 
Deep trans- Highly 
verse cuts irregular 
and appearance 
irregular 
appearance 
The stereos can photomicrographs of the TMTD sulphur-
less cured natural rubber (Plates 13.14, 15, 16 and 17) show 
the sim~larity of the effects of heat treatment and ozone 
attack of vulcanized natural rubber to the synthetic rubber 
but the results of the microbiological deterioration of the 
natural but not the synthetic rubber are plainly different. 
Plate 13.14 A Stereoscan photomicrograph of the surface 
of a T:tvITD sulphurless cured natural rubber. 
Untreated. Magnification 900X. 
Plate 13.15 A Stereoscan photomicrograph of the surface 
of a TNTD sulphurless cured natural rubber. 
Heat aged. Magnification 1000X. 
Plate 13.16 A Stereoscan photomicrograph of the surface 
of a T}ITD sulphurless cured natural rubber. 
Ozone attacked. Magnification 1000X. 
Plate 13.17 A Stereoscan photomicrograph of the surface 
of a THTD sulphurless cured natural rubber. 
One year in a Leeflang test bath. 
Magnification 1300X. 
Fig3. 13.14 to 13.17 Stereoscan photomicrographs of the surface of a 
TMTD sulphurless cured natural rubber. 
Fig.13.14 Untreated. 
Magnification 90bx 
Fig. 13.16 Ozone attacked 
Magnif'ication 1000X 
Fig. 13.15 Heat aged 
Magnification 1000X 
Fig. 13.17 One year in a Leeflang 
test bath 
Magnifi cation 1300X 
Plate 13.13 A stereoscan photomicrograph showing superficial 
growth of Actinomycetes and bacteria on the 
surface of a vulcanized polybutadiene rubber. 
Magnification 1350X. 
Plate 13.18 A Stereoscan photomicrograph showing an 
Actinomycete ramifying through the polymeric 
material of a dicumyl peroxide cured natural 
rubber. Magnification 1200X. 
Fig. 13.13 A Stereos can photomicrograph showing superficial growth 
of Actinomycetes and bacteria on the surface of a vulcanized 
polybutadience rubber. Magnification 1350X 
Fig. 13.18 A Stereoscan photomicrograph showing an Actinomycetes 
ramifying through the polymeric material of a dicUIDYl 
.peroxide cured natural rubber. Magnification 1200X 
Plate l~~g shows an Actinomycete ramifying through 
the polymeric material of a dicumyl peroxide cured natural 
rubber. The presence of Actinomycetes on the surface of 
both the deteriorated vulcanized natural rubber and 
undeteriorated synthetic rubber was notable. Dickenson 
(1968) reported the non-selective colonization by 
Streptomyces sp. of strips of vulcanized rubber in a Leeflang 
test bath. Presumably Actinomycetes gro1ving on the surface 
of synthetic rubber utilized blooming compounding ingredients 
and lo'iT concentrations of nutrients in the water accumulating 
at the surface. 
The increased surface area of the deteriorated natural 
rubber probably increases the leaching of anti-oxidants and 
accelerator residue from the vulcanizate and the area avail-
able from colonization by rubber deteriorating micro-
organisms. 
SCANNING ELECTRON MICROSCOPY OF COLONIES OF ACTINOMYCETES 
GRmHNG ON LATEX AGAR PLATES 
INTRODUCTION 
The morphology of Actinomycete spores has been used 
as a diagnostic feature for these organisms. "\]aksman (1961) 
cited a number of references on ti-lis topic. Kriss et ale 
(1945) were the first to use transmission electron microscopy 
(TEM) for the study of spores of Streptomyces sp. Baldacci 
and Grein (1955) examined 50 Streptomyces spp. with an 
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electron microscope and recognized oval, round and polyhedral 
shaped spores, with the oval spores having spiny or smooth 
surfaces. Pridham (1959) observed a correlation between 
spore characteristics and sporophore. Smooth conidia were 
borne on s-traight, spiny on spiral sphorophores. 'vaksman 
(1961) concluded that the shape of the spore varied with 
the composition of the medium -while spine formation is a 
stable characteristic. 
More recent was the classification of Streptomyces 
spp. spore surfaces into five groups - smooth, warty, spiny, 
hairy and rugose by the examination of carbon replicas of 
spores with TEM and direct observation with SCM, Dietz and 
Mathews (1971). 
To make a direct comparison between. the Actinomycetes 
growing on deteriorated natural rubber pipe-joint rings and 
those isolated by enrichment culture, colonies growing on 
latex agar plates were examined by SCM. 
METHODS AND J'.1ATERIALS 
Latex agar plates with rubber degrading colonies 
growing on them were freeze dried, portions of the colonies 
were cut out of the agar plate, mounted on a specimen holder 
and double-coated with Palladium-gold and carbon black. 
The surface of the agar was scanned and the colony form and 
aerial mycelium photomicrographed. 
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RESULTS AND DISCUSSION 
The technique of freeze drying colonies growing on 
latex agar plates and photomicrographing the stereoscan 
images was successful. Plate 13.19 shows colonies of a 
pink rubber deteriorating Streptomyces sp. The aerial 
mycelium is shown at 4500 times magnification. It bears 
terminal chains of smooth, oval conidia (Plate 13.20). 
Another colony 1vhich had the capacity to degrade 
natural rubber latex and vulcanized natural rubber is the 
grey circular sporulating Streptomyces sp. This colony 
form, as shown in Plate 13.21, is irregular in form. The 
terminal conidia are indented like dried peas (Plate 13.22). 
However, Williams and Davies (1967) emphasized that care 
must be taken when interpreting structures such as 
depressions as they may be artifacts caused by the partial 
collapse of the spore walls under vacuum. The photomicro-
graphs showed that latex agar isolates were apparently 
similar to the Actinomycetes found ramifying through the 
deteriorated pipe-joint rings. 
In conclusion, scanning electron microscopy was found 
to be a powerful new technique for the investigation of the 
microbiological deterioration of organic materials such as 
vulcanized rubber, and will contribute greatly to the 
conceptualization of the interactions between the deteriorat-
ing micro-organisms and the material. 
Plate 13.19 A Stereoscan photomicrograph of colonies of 
a pink latex clearing S~reptomyces sp. 
growing on natural rubber latex agar plate. 
Magnification 450X. 
Plate 13.20 A Stereoscan photomicrograph of the aerial 
mycelium of the pink ~treptomyces sp. showing 
terminal chains of conidia. 
Magnification 4500X. 
Plate 13.21 A Stereoscan photomicrograph of a colony of 
a grey circular sporulating Streptomyces sp. 
growing on a natural rubber latex agar plate. 
Magnification 1100X. 
Plate 13.22 A Stereoscan photomicrograph of the aerial 
mycelium of the grey Streptomyces sp. 
Magnification 5400x. 
Fig. 13.19 A Stereoscan photomicrograph 
of colonies of a pink latex 
clearing Streptomyces sp. growing on 
natural rubber latex agar plates. 
Magnification 450X 
Fig.13.21 A Stereoscan photomicrograph of 
a colo~ of a grey circular 
sporulating Streptomyces sp. growing on 
a natural rubber latex agar plate. 
Magnification 1100X 
~'ig .13.20 A Stereoscan photomicro-
graph of the aeri al 
mycelium of the pink Streptomyces ap. 
showing terminal chains of conidia. 
Magnification 4500X 
Fig. 1-3.22 A Stereoscan photomicro-
graph of the aerial 
mycelium of the grey StreptolIlYcee s] 
Magnification 5400X 
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CHAPTER 14 
EFFECTS OF CROSS-LINK DENSITY, WATER ABSORPTION AND 
ACCELERATOR RESIDUE EXTRACTION ON THE MICROBIOLOGICAL 
DETERIORATION OF VULCANIZED NATURAL RUBBER 
i. MICROBIOLOGICAL DETERIORATION OF VULCANIZED NATURAL 
RUBBER AS A SURFACE PHENOMENON 
INTRODUCTION 
It is almost too obvious to emphasize that micro-
biological deterioration of vulcanized natural rubber is a 
surface phenomenon. Micro-organisms colonize the rubber 
surface and proceed to ramify into the polymeric material. 
Deterioration is confined to a surface layer, apparently due 
to the limited availability of oxygen and liquid water within 
the rubber and the physical resistance of the undeteriorated 
vulcanized rubber to the growth of rubber deteriorating 
micro-organisms. 
This phenomenon should be readily demonstrated by 
showing that the rate of microbial attack is independent of 
the volume of rubber samples of equal surface area. 
REVIElf OF LITEl1ATURE 
Workers, using the Biochemical Oxygen Demand test as 
a measure of the rate of microbiological deterioration of 
260 
vulcanized rubber, emphasized the need to use rubber samples 
of comparable surface (ZoBell and Beckwith, 1944; 
1957; Steinberg, 1961; and Coscarelli, 1964). 
METHODS AND MATERIALS 
Snoke, 
Vulcanized natural rubber strips of identical com-
position and surface area, but dissimilar volume, were 
suspended into the Leeflang test bath. This difference in 
volume, without an increase in surface area, was achieved 
by press vulcanizing in the same mould sheets of vulcanized 
rubber 6" x 6" X 0.035" and 6" x 6" X 0.070". Strips 
6" x 0.5" x 0.035" and 6" x 0.5" X 0.060" were placed in the 
test bath. After an interval of a year they were removed 
and duplicate pieces 0.5" x 0.25" x 0.035" and 0.5" x 0.25" 
x 0.070" were cut from the strips and placed in the flasks 
of a Warburg microrespirometer. The oxygen uptake by 
micro-organisms growing at the expense of the vulcanized 
rubber was measured over a 12-hour period. 
RESULTS AND DISCUSSION 
The microbiological deterioration of vulcanized 
natural rubber was measured by the oxygen uptake of micro-
organisms growing at the expense of the polymeric material 
independent of the volume of rubber (non-significant at 
the 1% level). 
Figure 14.1 Surface area vs. volume. 
Oxygen uptake by micro-organisms growing at 
the expense of the polymeric material of 
vulcanized natural rubber samples of equal 
surface area but dissimilar volume after 
two years in a Leeflang test bath, using 
a Warburg microrespirometer. 
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The oxygen uptake for a MBTS-sulphur and a dicumyl 
peroxide cured natural rubber are contained in Figure 14.1. 
The effect of an increased volume of vulcanized 
natural rubber may influence the rate of deterioration if 
the rubber contains compounding ingredients known to suppress 
microbiological deterioration, such as antioxidants and 
accelerator residues. In these cases the greater volume 
could act as a reservoir for compounds which progressively 
migrate to the surface of the vulcanized rubber where they 
act as protective blooms. 
ii. EFFECT OF CROSS-LINK DENSITY ON THE MICROBIOLOGICAL 
DETERIORATION OF VULCANIZED NATUHAL RUBBER 
INTRODUCTION 
The knowledge that the choice of vulcanizing system 
influences the rate of microbiological deterioration leads 
to an investigation of the effect of the cross-linl( density 
on this deterioration. 
IvlEASUREHENT OF CROSS-LINK DENSITY 
The statistical theory of elasticity applied to 
equilibrium modulus and swelling measurement has given a 
reliable method of determining the cross-link density of 
vulcanized rubber. Kraus (1957) described an experimental 
technique of swelling vulcanized rubber in benzene used for 
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the measurement of total cross-l1ink densities. 
Curing agents such as TMTD and dicumyl peroxide are 
known (Bateman, et ale 1963) to produce cross-links pro-
portional to their concentration in the formulation. In 
conventional accelerated sulphur cured natural rubber the 
relative concentrations of zinc oxide, stearic acid, sulphur 
and accelerator determine the cross-link density at a 
particular cure condition (Barton and Hart, 1952). 
There are two comprehensive investigations of the 
nature and density of cross-links in vulcanized natural 
rubber (Studebaker and Nabors, 1969; and Parks and Lorenz, 
Details of the formulations, cure conditions, 
tensile properties and nature and density of cross-linl'i:s are 
found in Tables 14.1 and 14.2. 
Table 14.1 
Data of Studebaker and Nabors (1963) 
Formulation of test samples 
Natural rubber 100 100 
Zinc oxide 5 5 
Lauric acid 3 3 
Sulphur 3 
TIvlTD 3.5 
MBT 1.0 
DPG 
Cured for 15 minutes at 287 0 F. 
Tensile properties 
Vulcanized natural T.S. E at B 
rubber psi % 
TMTD sulphurless cured 2960 750 
MBT sulphur cured 3980 810 
DPG sulphur cured 1860 850 
Nature and density of cross-links 
Property 
4 10 x Total 
cross-links 
(moles/cc rubber) 
% R-S-Sx-S-R 
% R-S-R 
x inR-S-Sx-S-R 
Average number of 
sulphur atoms per 
cross-link 
TMTD 
sulphurless 
O.4l1 
27% 
73% 
1 
1.5 
HBT-· 
sulphur 
0.58 
95% 
5% 
2.5 
4.5 
100 
5 
3 
:3 
1.0 
M300 
psi 
175 
200 
75 
DPG 
sulphur 
0.25 
92% 
8% 
4 
5. L1 
- - -. ~ - --
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Table 14.2 
Data of Parks and Lorenz (1963) 
Formulation of test samples 
Smoked sheet 100 100 
Zinc oxide 1.5-13.5 1.5-9.0 
Lauric acid 3.0-18.0 
Sulphur 0.5-3.0 
Tl"lTD 1.,0-9.0 
0.5-3.0 
DPG 
Curing conditions 
TMTD sulphurless cure 120 minutes at 286 0 F 
MBT-sulphur cure 144 hours at 202 0 F 
DPG-sulphur cure 90 minutes at 286 0 F 
Nature and density of cross-links 
Property TMTD MBT-
sulphurless sulphur 
100 
.5 
2.0-6.0 
2.0-6.0 
1.0-3.0 
DPG-
sulphur 
phr TMTD phr sulphur phr sulphur 
Chemical cross-links 2 0.25 0.5 0.39 2 0.25 
4 Moles/10 g rubber 3 0.35 1.0 0.78 2.5 0.36 
4 0.52 1.5 1.10 3 0.46 
6 0.66 2.0 1.41 4 0.63 
9 0.89 2.5 1.71 5 0.75 
3.0 2. ill 6 0.87 
Average number of 
sulphur atoms per 
cross-link 2.6 2.6 10.9 
METHODS AND :MATERIALS 
The relative cross-link density of vulcanized natural 
rubber can be dete:r:-mined by measuring the quantity of benzene 
absorbed per g of vul~nized rubber (Parks, Pers.colMI. 1969). 
The following procedure was adopted to determine the 
cross-link density of representative vulcanized rubber 
samples. An accurately weighed sample of about 2g of 
vulca~ized rubber was swollen in benzene for 72 hours at room 
temperature. It was removed from the solvent, blotted 
quickly with filter paper, and weighed in a closed weighing 
bottle to prevent further loss of evaporating benzene. The 
sample was then dried to constant weight in a vaCuum drying 
oven maintained at 65 0 C and a vacuum of 760 mm of Hg. 
The swelling value Q (where Q is the weight of benzene 
absorbed per g of rubber hydrocarbon) Was calculated. The 
reciptrocal of Q is proportional to the amount of cross-
linking (ParJj.s, Pers.comm. 1969). 
RESULTS AND DISCUSSION 
The relative cross-link density of a number of 
different accelerated sulphur cured natural rubbers was deter-
mined. This is set out in Table 14.3. 
Figure 14.2 Cross-link density 
The influence of concentration of the curing 
agent dicumyl peroxide on the relative 
cross-link density of vulcanized natural 
rubber. 
Figure 14.3 Cross-link density 
The influence of concentration of the curing 
agent tetramethyl thiuram disulphide on the 
relative cross-link density of vulcanized 
natural rubber. 
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Table 14.3 
Relative cross-link density of a range of vulcanized 
natural rubber. Press vulcanized at 2970 F for ten minutes 
Type of vulcanized 
natural rubber 
Dicumyl peroxide cured 2 phr 
TMTD sulphurless cured 4 phr 
DPG sulphur cured 
MBTS sUlphur cured 
MBT sulphur cured 
CBS sulphur cured 
(all 1.5 phr accelerator 
2.5 phr sulphur) 
Relative cross-link density 
(14Q) 
10 x Moles/cc rubber 
0.37 
0'.43 
0.45 
0.45 
0.48 
0.52 
An increase in concentration of the curing agents 
dicumyl peroxide and TIvITD lead to increased cross density. 
This relationship is clearly demonstrated in Figures 14.2 
and 14.3. 
There was broad agreement of these experimental 
results with the data of Studebaker and Nabors (1963) and 
Parks and Lorenz (1963). 
INFLUENCE OF CROSS-LINK DENSITY ON THE RATE OF }'IICROBIOLOGICAL 
DETERIORATION 
INTRODUCTION 
As the conventional accelerated sulphur cured natural 
rubbers ·which had a similar rate of microbiological deter-
ioration (Chapter 8) all had similar relative cross-link 
density, attention was directed to the THTD and dicumyl 
peroxide cured natural rubber. 
}'1ETHODS AND I:1ATERIALS 
strips of vulcanized natural rubber cured w·ith 2, 4 
and 8 phr of TMTD and 1.5, 2, 3 and 4 phr of dicumyl 
peroxide respectively were included in the Leeflang test 
bath. 
The uptake of oxygen by micro-organisms growing on 
the surface of the strips after one year, and the loss in 
tensile properties of the rubber after two years, in a 
Leeflang test bath were determined. These were used as 
the criteria of microbiological deterioration of the 
vulcanized natural rubber samples. 
RESULTS AND DISCUSSION 
The rate of microbiological deterioration of vul-
canized natural rubber was influenced by the increasing 
concentration of the curing agent TMTD. 
illustrates the ra te of oxygen uptal\.:e by micro-organisms on 
the rubber surface after one year in the test bath (non-
significant at the 5% level). However, the measurement 
of the loss in tensile properties suggests the deterioration 
was inversely related to the concentration of the curing 
agent (Table 14.4). 
Table 14.4 Loss in tensile properties of TMTD sulphurless cured natural 
rubber after two years in the Leeflang test bath 
THTD concentration Elongation at break 
E t Boll Significance T S 
a ~ oss 1 1 • • eve 
Tensile strength 
% 1 Significance 
o oss level 
2 phr Control 490 9% Deteriorated 450 
2120 50% 1100 N.S. ** 
4 phr Control 570 11% Deterior~ted 490 
3640 40% 2220 * ** 
8 phr Control 430 9% Deteriorated 390 
2470 23% 1880 * N.S. 
l\:) 
0'\ 
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Figure 14.4 Effect of concentration of TMTD 
Oxygen uptake by micro-organisms growing 
at the expense of the polymeric material 
of standard sections of a T~1TD sulphurless 
cured natural rubber after one year in a 
Leeflang test bath, using Warburg micro-
respirometry. 
Figure 14.5 Effect of concentration of dicumyl peroxide. 
Oxygen uptake by micro-organisms growing at 
the expense of the polymeric material of 
standard sections of a dicumyl peroxide 
cured natural rubber after one year in a 
Leeflang test bath, using Warburg micro-
respirometry. 
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An analysis of variance of the loss in tensile 
strength is detailed in Table 14.5, Appendix. An inter-
action between deterioration and curing agent concentration, 
at the 1 % significance level, was noted. 
An optimum, in tensile properties and resistance to 
microbial attack, occurred with the 4 phr TMTD vulcanizate. 
Presumably, at the highest TMTD concentration there was a 
regre~sion in tensilB properties and a more massive loss of 
ZDMC by blooming to the rubber surface. 
The possible influence of cross-link density on the 
microbiological deterioration of TMTD sulphurless cured 
natural rubber was obscured by the presence of the 
accelerator residue ZDMC. This complication was lacking in 
dicumyl peroxide cured natural rubber as the extra net,¥ork 
material is without microbiocidal activity. However, 
Warburg microrespirometry did not support the suggestion 
that the increased cross-link density associated with an 
increased dicumyl peroxide level lead to a reduction in the 
rate of microbiological deterioration (Figure 14.5 (non-
significant at the 1% level). 
The tensile properties of the dicumyl peroxide cured 
natural rubbers decayed to almost an identical level despite 
the differences in their initial tensile strength, see 
Table 14.6. 
Table 14.6 Loss in tensile properties of dicumyl peroxide cured natural 
rubber after two years in the Leeflang test bath. 
Dicumyl peroxide 
concentration 
2 'pbr Control 
Deteriorated 
3 phr Control 
Deteriorated 
4 phr Control 
Deteriorated 
Elongation at break 
E at B % loss 
560 25% 330 
450 36% 270 
380 5% 340 
Significance 
level 
** 
** 
* 
T.S. 
2860 
820 
2300 
770 
1940 
830 
Tensile strength 
of 1 Significance 
- 10 oss 1 1 eve 
74% ** 
66% ** 
57% ** tv 
"'I 
o 
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An analysis of variance of the loss in tensile 
strength is detailed in Table 14.7, Appendix. 
In contrast to the data on T}1TD sulphurless cured 
natural rubber, the effect of the concentration of dicumyl 
peroxide in the vulcanizata on the microbiological deteriora-
tion as measured by the loss in tensile strength was non-
significant at the 5% level • 
. These results tend to indicate that the cross-link 
density associated with vulcanized natural rubber having 
conventional formulation has little or no effect on the rate 
of microbiological deterioration of the polymeric material. 
iii. EFFECT OF EXTRACTION OF CURING AGENT AND ACCELERATOR 
Rl!:SIDUES 
INTRODUCTION 
The loss of certain compounding ingredients especially 
accelerator and curing agent residues from vulcanized natural 
rubber probably influences the rate of microbiological deter-
ioration of that rubber. 
The failure to implicate the degree of cross-link 
density in THTD sulphurless cured natural rubber with the 
rate of microbiological deterioration, in the previous 
section, makes the contention that the presence of ZD}~, 
and not the nature or density of sulphur cross-links, was 
responsible for the resistance of the vulcanizate to 
microbial attack. 
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REVIEN OF LITERATURE 
The resistance to microbial attack of vulcanized 
natural rubber in pure cultural experiments with rubber 
deteriorating micro-organisms was noted by Rook (1955) and 
Anon (1961). The accumulation of accelerator residue in 
the mineral salts medium in the shake flasks was suggested 
to cause this resistance. 
j\1ETHODS AND :rvlATERIALS 
Three vulcanized natural rubber compounds (a con-
ventional MBTS sulphur cured, dicumyl peroxide cured and 
T~ITD sulphurless cured natural rubber) were press vulcanized. 
as 6" x 6" x 0.035" sheets, 6" x 0.5" x 0.035" strips were 
cut from the sheet. 
These strips were extracted in a Soxhlet apparatus 
with water, O~IN sodium hydroxide and acetone respectively 
for 24 hours. After washing with copious amounts of water 
the strips 'vere placed on glass spanners in 250 ml conical 
flasks containing 100 ml of mineral salts solution (0.1% 
KN0 3 , 0.05% KH2P0 4 , 0.05% K2HF04' and 0.02% MgS04.7H20). 
The flasks were sterilized and inoculated with the grey 
circular sporing streptomyces sp. isolated on natural rubber 
latex agar (Chapter 5). 
After 18 months' incubation on a shake flask apparatus 
in a constant temperature room maintained at 24 ± 10 C the 
strips were removed from the flasks, cleaned, and dried for 
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24 hours in a vacuum drying oven operating at 45 0 C and 
760 mm of J:-Ig vacuum. The loss in ,.,eight of the triplicate 
rubber samples was determined. 
RESULTS AND DISCUSSION 
The extraction of the curing system residues from the 
11BTS sulphur and TMTD sulphurless cured natural rubber had 
a marked effect on their susceptibility to microbiological 
deterioration as measured by weight loss. Caustic soda and 
acetone presumably attract the derivatives zinc mercapto-
benzothiazole (ZMBT) and zinc dimethyl dithiocarbamate (ZDMC) 
from the vulcanized natural rubber. The extracted TMTD 
sulphurless cured natural rubber was considerably more 
susceptible to microbiological deterioration as measured by 
a loss in weight than the corresponding HBTS sulphur cured 
natural rubber. This suggested that the monosulphidic 
cross-linked natural rubber was more susceptible than the 
disulphidic cross-linked natural rubber after the extraction 
of the residues with microbiocidal activity. Predictably, 
the dicumyl peroxide cured natural rubber was the most 
susceptible and the extraction procedure had little or no 
effect on its susceptibility to microbiological deterioration. 
The results are illustrated in Figure 14.6. 
Figure 14.6 The influence of extraction of curing residues 
from vulcanized natural rubber on the rate of 
microbiological deterioration as measured by 
loss in weight in a pure culture experiment. 
30 
28 
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24 
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Extraction 
Water ~ 
Caustic suda 
MBTS Sulphur T MT 0 Sulphurless Dicumyl pero)'(ide 
The influence of extraction of curing residues 
from vulcanized natural rubber on the rate of 
microbiological deterioration as measured by 
loss in weight in a pure culture experiment. 
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iv. WATER ABSORPTION OF VULCANIZED RUBBER 
INTRODUCTION 
Presumably, the penetration of a rubber deteriorating 
micro-organism into vulcanized rubber requires the con-
current absorption of 'vater into the polymeric material. 
The possible role of water absorption in the micro-
bioloiical deterioration of vulcanized rubber was investi-
gated. 
REVIE1'l OF LITERATURE 
The factors which. influence the rate and extent of 
water absorption by vulcanized rubber are : 
1) the type of polymer; 
2) nature of the polymerization process; 
3) accelerator system; 
4) presence of inorganic dilutents or carbon black 
reinforcing agents; 
5) the cross-link density; 
6) protein content in natural rubber; 
7) presence of plasticizers and process oils; and 
8) the temperature of the surrounding water. 
(After Robin, 1967). 
During an investigation into the swelling of rein-
forced vulcanized rubber in boiling water, Palinchak and 
:J'vIueller (1960) fOL1nd that butyl exhibi ted the least swelling 
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and water absorption while a neoprene and styrene butadiene 
rubber were most susceptible. An increase in polarity of 
the rubber or its electrolyte impurity content increased 
swelling and water absorption. An exception was nitrile 
polymers with low or high acrylonitrile content which showed 
little or no swelling. This was surprising, considering 
their polarity. Fillers such as silica and magnesia which 
produced high swelling in non-absorbing polymers decreased 
swelling in high absorbing neoprene and styrene butadiene 
rubber. Carbon black reinforcing lead to reduced water 
absorption in all polymers. 
Briggs, E~vards and Storey (1963) described water 
absorption in terms of osmotic pressure phenomena. Polymer 
impurities, the state of the cure, emulsion polymerization 
residues, temperature and inorganic fillers all influenced 
water absorption. Nitrile rubber was shown to permit rapid 
leaching of electrolytes which explained why absorption does 
not occur in this polymer. 
In an earlier study Starkweather and \{alker (1937) 
emphasized the necessity of avoiding the use of a magnesia-
zinc oxide curing system in neoprene compounds designed to 
withstand water absorption. In contrast, the presence of 
resin and plasticizers decreased water absorption in the 
neoprene compound. 
Related to the water absorption of vulcanized rubber 
is the wettability of the rubber surface. Boyd and 
Livingston (1942) discussed the free energy change of solid 
surfaces upon immersion in a bulk liquid. It is a common 
observation that either a liquid droplet wets a surface or 
forms a stable droplet on the surface with a characteristic 
angle of contact. Generally, a clean polar solid surface 
is completely wet by water, polar and non-polar organic 
liquids, non-polar liquids wet non-polar solids and polar 
liquids show finite angles with non-polar solids. 
A series of papers by Zisman and his co-workers (Fox, 
and Zisman, 1950; Fox and Zisman, 1952; Shafrin and 
Zisman, 1952; and Fox, Hare and Zisman, 1953) contained a 
discussion on the ability of liquids to wet solid surfaces. 
A linear relationship between the cosine of the angle of 
contact and the surface tension of the wetting liquid was 
established. The wettability of hydrocarbon surfaces was 
a function of the nature and packing of the groups at the 
surface. Closely packed methyl groups are less wettable 
than methylene groups of aromatic structures. The faces 
of aromatic rings are considerably more wettable than the 
edges while the presence of polar groups such as carboxyl, 
chlorine and nitrile groups contributed strongly to the 
wettability. 
The lowering of the surface tension of a liquid 
lowers the angle of contact of the liquid ''iTi th the solid 
surface until the surface becomes wet. 
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METHODS AND :fv1ATERIALS 
The following procedure was adopted to determine the 
water absorption o~ vulcanized rubber. The series of strips 
of vulcanized rubber used as uninoculated controls in the 
pure culture experiments (Chapter 6) proved to be convenient 
for the measurement of water absorption. Half the rubber 
strip had been immersed in a mineral salts medium for 18 
months and percentage change in weight after eight, 16 and 
24 hours in a VaCuum drying oven at 45 0 C and minus 760 mm 
of Hg 1vas recorded. 
RESULTS AND DISCUSSION 
Figure 14.7 shows the water desorption curve for four 
vulcanized natural rubbers. The sequence of decreasing 
water absorption Dicumyl peroxide cured natural rubber> 
l'HTD sulphurless cured natural rubber > HBTS acce;lerated 
sulphur cured natural rubber> MBTS accelerated high 
sulphur cured natural rubber was a reflection of the cross-
link density of the four rubber samples. As reported in 
the previous section this also coincided vd th the sequence 
of decreasing susceptibility to microbiological deterioration 
when the accelerator residue zinc dimethyl dithiocarbamate 
was extracted from the T~/lTD sulphurless cured natural rubber. 
Further supporting evidence that the rate of microbiological 
deterioration is related to the extent of water absorption 
was found in the Biochemical Oxygen Demand tests (Chapter10). 
Figure 14.7 Water desorption 
Water desorption measurement made on 
vulcanized natural rubber samples after 18 
months in a mineral salts solution at 
24 + 1 0 C. Percentage change in weight 
after eight, 16 and 24 hours in a vacuum 
drying oven at 45 0 C and minus 760 mm of Hg. 
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drying oven at 45 0 C and minus 760 mm of Hg. 
Figure 14.8 Water desorption 
Water desorption measurement made on 
vulcanized synthetic rubber samples after 
18 months in a mineral salts solution at 
24 + 10 C. Percentage change in weight 
aft;r eight, 16 and 24 hours in a vacuum 
drying oven at 45 0 C and minus 760 mm of Hg. 
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Water desorption measurement made on 
vulcanized synthetic rubber samples after 
18 months in a mineral salts solution at 
2lt .±. 1 0 C. Percenta,0;c c1.ange in ",,-eight 
after eig;ht, 16 and 24 hours in a vacuum 
dryi.ng oven at 45 0 C and minus 760 MTI of Hg. 
The results of water desorption measurements made on 
the synthetic rubber samples are contained in Figure 14.8. 
The sequence neoprene > styrene butadiene::> nitrile '> 
butyl > polybutadiene was as predicted for reports in the 
literature. The massive water absorption of the neoprene 
was probably caused by the polarity of polymer and the use 
of a magnesia-zinc oxide curing system. The results of the 
BOD test for these synthetic rubbers were a reflection of 
their water absorption (Chapter 10). 
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CHAPTER 15 
},lECHANISM OF MICROBIOLOGICAL DETERIORATION 
OF VULCANIZED NATURAL RUBBER 
INTRODUCTION 
The mechanism of microbiological deterioration of 
natural rubber is unknovrn. Possible pathways of degradation 
of different hydrocarbons are examined in an attempt to gain 
insight into possible mechanisms of enzyme degradation of 
natural rubber. 
REVIEW OF LITERATURE 
Aliphatic hydrocarbons 
The general mechanisms of initial enzymic attack on 
alkanes have been reviewed recently (van der Linden and 
Thijsse, 1965; McKenna and Kallio, 1965; and Traxler and 
Flannery, 1968). 
Three mechanisms were suggested by these authors 
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2. RCH2CH3 + 02 ~ RCH2CH200H 
RCH2CH200H + NADPH + H+ ---+ RCH2CH20H + NADP + H2 0 
3. RCH2CH3 + 02 + NADH + a+ ~ RCH2CH20H + NAD+ + H20. 
It ,vas demonstrated by Senez et al (1961) that 
Pseudomonas aeruginosa grown at the expense of n-heptane 
contains an enzyme which in the presence of n-heptane and 
the NAD oxidoreductase inhibitor mercapto ethanol will 
reduce NAD • Infra red spectrometry verified the presence 
of l-heptene. This was confirmed by Traxler and Bernard 
The existence of an alkene oxidase completing this 
postulated mechanism has not been confirmed. How"ever, 
Van der Linden (1963) found alkane grown cells of a 
Pseudomonas Spa would oxidize l-alkenes predominantly at the 
saturated end of the molecule. 
Formation of I-alkyl hydroperoxides as intermediates 
in bacterial n-alkane oxidation was consistent with 0 18 
incorporation data of Stewart et ale (1958). A gram 
negative coccus isolated from hexadecane enrichment cultures 
grew profusely on n-hexadecane and accumulated a substance 
identified as cetyl palmitate. Atmospheric oxygen particip-
t d d ' J..I d t t d b 0 18 , t" ttl a"e lrec~ y as emons ra e y lncorpora lon lrr 0 ce y 
palmitate to the extent of 75% of the oxygen. This was 
interpreted to indicate the formation of cetyl palmitate 
from the esterification of cetyl alcohol and palmitic acid 
produced from l-hexadecyl hydroperoxide which was suggested 
as the first intermediate in the bacterial oxidation of 
n-hexadecane. Furthermore, the oxidation of I-alkyl 
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hydroperoxides by common bacteria occurs at a rate consistent 
with their suggested intermediary in the oxidative process 
(Updegraft and Bovey, 1958; and Smith and Alford, 1968). 
More evidence is available to support the third 
mechanism. Mono-oxygenases catalyzing the hydroxylation of 
aliphatic hydrocarbons is well kno1m. Coon and his co-
workers (Gholson, Baptist and Coon, 1963; Baptist, Gholson 
and C?on, 1963; Peterson, Bebkumar Basu and Coon, 1966) 
isolated three enzyme fractions required to convert alkanes 
to their corresponding alcohol. NADPH, oxygen, rubredoxin 
(a non heme iron protein), NAD rubredoxin reductase and a 
hydroxylase 1vere required for the enzymic conversion. 
These results have been confirmed by van Eyk and Bartels 
(1970). 
Cytochrome P-450 involvement in the oxidation of 
n-octane by cell free extracts of a Cornybacterium sp. was 
found by Cardini and Jurtshuk (1968). This alkane 
hydroxylase resembled the methylene 5-exo hydrolase from 
Pseudomonas putida isolated by enrichment on the bicyclic 
monoterpene, D-camphor. 
More recent evidence of subterminal oxidation of 
aliphatic hydrocarbons (Fredricks, 1967 and Forney and 
Markovetz, 1970) suggested that the mechanism is yet to be 
fully resolved. 
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Terpenoid compounds 
Bhattacharyya and his co-workers studied the microbial 
transformations of the terpenes pinene and limonene (Prema 
and Bhattacharyya, 1962; and Dharalikar, Rangachar and 
Bhattacharyya, 1966). The hydroxylation of limonene 1'TaS 
achieved by the 100,000 g fraction of a cell-free sonicate 
of the Pseudomonad, and a NADPH generating system. 
The microbiological decomposition of D-camphor has 
been investigated by Gunsalus and his collaborators using a 
strain of Pseudomonas putida isolated by enrichment culture. 
In the initial steps of terpene catabolism, two mono-
oxygenase systems have been implicated. These are a 
methylene hydroxylase which forms the 5 exo-alcohol and a 
keto-Iactonase which converts the cyclic compounds to 
analogous 1,2 lactones. 
The purified methylene-5-exbhydrolase used the p-450 
component as a substrate and oxygen binder. Two other COlU-
ponents in the system were a FAD specific flavo-protein 
reductase and putidaredoxin, an iron-sulphide protein 
(Katagiri, Ganguli and Gunsalus, 1968). 
The degradative pathways of short chain polyisoprenoid 
compounds has been elucidated by Seubert and his co-workers 
(Seubert, 1960; Seubert and Hemberger, 1963; Seubert, 
Fass and Remberger, 1963; and Seubert and Fass, 1964). 
The bacterial degradation of citronellol, farnesol and 
geraniol is initiated by oxidation of the primary alcohol 
group to a carboxyl group. Subsequent degradation occurred 
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at the level of Coenzyme A activated intermediates. Carbon 
dioxide is bound to the methyl of the beta methyl aTpha beta 
unsaturated acid derivative and eliminated with the methyl 
group as acetyl CoA. The C1 and C2 of the isoprenoid 
compound were converted t·o acetyl CoA in a process 
reminiscent of beta oxidation. 
The study of the microbial degradation of citronellol 
and farnesol which contain two and three isoprenoid units 
respectively has probably revealed some of the characterist-
ics of isoprenoid degradation in general. Natural rubber, 
however, is a polyisoprenoid compound containing bet'veen 
500 and 5000 isoprenoid units. Obviously the rubber hydro-
carbon lliUSt be degraded outside the bacterial cell wall to 
a lower molecular weight fragment which can be conveyed 
through the cell membrane. Whether these are polyisoprenoid 
compounds of two to three units or acetyl CoA remains a 
matter for conjecture. 
It is attractive to postUlate the existence of a 
cis polyisoprene oxygenase. Vitamin A was found by Goodman 
and I-luang (1965) to be synthesized from beta carotene in 
cell-free homogenates of rat intestinal mucosa. The enzyme 
which catalyzes the cleavage of the polyisoprenoid chain 
was termed beta carotene i5 1~' oxygenase. It requires 
oxygen and a heat stable factor from the particulate 
fraction. It WaS inhibited by thiol binding and ferrous 
ion chelating agents while retinal and retinol are its sole 
products (Olson and Hayaish, 1965). 
284 
Postulated mechanism of microbial degradation of 
natural rubber 
Natural rubber latex is generally considered to act 
as a storage reservoir in rubber bearing plants. Spence 
and McCallan (1935) investigated the seasonal fluctuation in 
latex content in the Guayule plant. Latex, which acts as 
an energy reserve, was mobilized at the beginning of the 
gro"ring season. Obviously for this to occur there must be 
a well developed mechanism within the plant to metabolize 
the polyisoprene. 
Dialysed aqueous extracts from coagulated natural 
rubber latex were found by Spence (1906) to contain what is 
no'" kno,'fn to be a peroxidase enzyme. The peroxidase 
activity was readily destroyed by boiling and the addition 
of cyanide, fluoride and mercuric chloride. Spence (1906) 
showed that the darkening in colour of raw rubber was due 
to an oxidase '"hich was associated with the insoluble con-
stituents of the rubber. He postulated that peroxidase or 
oxidase enzymes initiated the degradation of the latex in 
rubber secreting plants. 
Although the biosynthesis of natural rubber has been 
described in detail (Bonner, 1963; and Archer and Audley, 
1966) no progress has been made in the elucidation of the 
degradation of the natural rubber hydrocarbon. 
As in wood decay ,,,here filamentous fungi rapidly 
penetrate wood and activity secretes cellulases at the 
growing hyphal tips (Gillespie and Hulme, 1970), the 
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degradative activity of rubber deteriorating micro-organisms 
is probably confined to growing tips of hyphae of the 
vegetative mycelium ramifying the polymeric material. 
The process is probably initiated by a mono-oxygenase 
cleaving the rubber hydrocarbon, followed by a stepwise 
degradation of the polyisoprenoid chain. 
It is suggested that the postulated mechanism of the 
degradation of unvulcanized natural rubber is as follows : 
Postulated mechanism of the degradation of unvulcanized 
natural rubber. 
CI-1 CH'7. 
I 3 , :J 
-
CH2 - C = CH CH2 - CH2 - C = CH CH2 OlI 
~ Dehydrogenation 2 steps 
CI-I 
, 3 ~H3 
-
CH2 - C = CI-I CH 2 -CH2 - C = CH COOH 
t=: AMP -I- PPi CoASH -I- ATP 
~H3 
-
CH2 - C = CHCH 2 - CH2 := CHCOSCoA 
COOH , 1 Biotin + CO 2 -I- ATP 
~H3 CH , 2 
CH2C = CHCH2 CI-I2 C := ADP -I- Pi 
01-1 
= CI-I 
via ATP and CoASI-l 
i· 
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~H3 
- CH2 - C = CHCH2 CH2 COCH2COSCoA 
~H3 
- CH2 - C = CHCH 2 CH2COSCo~ 
~H3 
CoASH + ATP 
CH3COSCoA + AMP + Pi 
(FAD) 
2H 
- CH2 - C = CH CH - CHCOSCoA 
CH 
, 3 
t H2 0 
- CH2 - C = CH CH2 (OH) COSCoA 
= CHCOSCoA 
F (NAD) 2H 
CoASI-I + ATP 
CH~ COSCoA ~ AMP ~ PPi 
J 
Energy yield per isoprenoid unit 
(after White, Handler and Smith, 1964) 
ATP produced 
3 revolutions of TCA cycle yielding 12 high energy 
phosphate bonds per revolution 36 
3 NADH2 9 
1 FADH2 2 
Total of high energy bonds 47 
ATP consumed 
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9 high energy bonds 
Total energy yield per isoprenoid unit 
is 38 x 7000 cal 
i.e. 258,000 cal/isoprenoid unit 
c.f. 304,000 cal/glucose unit. 
THE ANALYSIS OF NICROBIOLOGICALLY DETERIORATED NATURAL 
RUBBER BY INFRA RED SPECTROSCOPY 
INTRODUCTION 
The infra red spectrum of a compound is a unique 
physical property and the individual features are related to 
the chemical bonds comprising the molecule. Pronounced 
changes occur in the spectra of natural rubber as a result 
of oxidation and subsequent formation of hydroxyl and 
carbonyl groups. 
Insight into the mechanism of microbiological deter-
ioration wight be gained by the examination of infra red 
spectra of deteriorated natural rubber. 
REVIE'l'J OF LITERATURE 
Infra red spectroscopy has been used to investigate 
the mechanism of polymer formation (Thompson and Jorkington, 
and Richardson and Sacher, 1953) identifying natural 
and synthetic rubber (Dinsmore and Smith, 1948) and studying 
the oxidation of natural rubber (Cole and Field, 1947; and 
Field, Woodford and Gehman, 1955). 
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Natural rubber consists of long chainlike molecules 
composed of the recurring isoprene unit and all the strong 
bands in the spectrum are consistent with this structure. 
Table 15.1 lists the absorbing structures and the wavelength 
at which they absorb. 
Table 15.1 
Absorbing functional groups in natural rubber 
using infra red spectrometry 
\'J"ave length 
6.0 
7. 2 5 
7.5 - 11.0 
12.0 
On oxidation 
gain 
3.0 
5.8 
Loss 
6.0 
Structure 
- C - H Stretch 
CH 2 
- CH3 , 
C = C 
CIl 2 
internal vibration 
CI-I 2 
-CH2 - and c - c 
CH3 
- c = GH -
(cis 1,l.l:) 
-OH 
C - 0 
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Accord~ng to the theor~es on autoox~dat~on, hydroxyl 
groups should appear f~rst, s~nce hydroperox~des are supposed 
to be the ~n~t~al products of ox~dat~on of natural rubber 
(Norl~ng, Lee and Tobolsky, 1965). Field, Woodford and 
Gehman (1955) suggested from the analys~s of the~r ~nfra red 
data that the concentrat~on of such hydroperox~de groups 
is not great enough to be detected as they are rap~dly 
decomposed even at room temperature to form products of 
secondary react~ons, namely hydroxyl ,and ketone groups. 
NETHODS AND MATERIALS 
The residue of deter~orated rubber was scraped from 
the surface of a dicumyl peroxide cured natural rubber strip 
which had been exposed to m~crobial attack in a Leeflang 
test bath for two years. The particles of deteriorated 
rubber were ground with a pestle and mortar, mixed with an 
equal quantity of powdered potassium iodide, pressed into 
pellets and scanned in an infra red spectrophotometer 
(Double Beam Beckman IR8 Infra red Spectrophotometer). 
As the results of infra red spectral examination of 
this residue was not conclusive as the spectrum was maslced 
by the inorganic dilutent, a kaolinite filler, which absorbs 
strongly in the regions 3 to 12 microns. A gum stock of 
MBTS/Tl'1TI1 accelerated sulphur cured natural rubber which had 
been included in the test bath was talcen and the residue from 
this rubber sample was prepared for infra red spectrometry. 
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RESULTS AND DISCUSSION 
The analysis of microbiologically deteriorated 
vulcanized natural. rubber by infra red spectroscopy indicated 
the structural and chemical changes due to the activities 
of rubber deteriorating micro-organisms. The degradative 
process is oxidative and resembled chemical ageing. 
Spectral changes were the presence of hydroxyl and carbonyl 
struc~ure at 3.0 and 6.2 microns and the absence of the 
-C (CH3 ) = CH - structure at 12 microns. A broad peak in 
the 8.5 - 11.0 micron region was present and possibly can be 
explained in terms of a greater contribution by - CH2 - and 
C - c structures to the residual vulcanized natural rubber 
than the - c(CH3 ) = CH - structure (Figure 15.1). 
These results are generally consistent with the 
postulated mechanisms of the microbial degradation of 
unvulcanized natural rubber outlined in the introduction. 
Figure 15.1 Infra red spectrum of vulcanized natural 
rubber subject to microbiological deterioration. 
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Figure 15.1 Infra red spectrum of vulcanized natural 
rubber subject to microbiological deterioration. 
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SU~1[v1ARY AND CONCLUSIONS 
PREVALENCE OF THE MICROBIOLOGICAL DETERIORATION OF NATUHAL 
RUBBER PIPE-JOINT RINGS IN THE CHRISTCHURCH AREA 
The microbiological deterioration of natural rubber 
pipe-joint rings in underground pipe lines was surveyed in 
the Christchurch Drainage Board area. Deterioration of the 
pipe-joint rings in domestic sewer sidelines and sewer mains 
was widespread. Examples of rings subject to microbial 
attack were also found in pipes conveying potable 1vater and 
stormwater. 
The pattern of deterioration about the circumference 
of the pipe-joint rings from sidelines indicated that the 
presence of liquid 1vater and oxygen .are essential for the 
proliferation of the micro-organisms at the expense of the 
vulcanized natural rubber. 
lVIICRO-ORGA]'nSI\.'~S RESPONSIBLE FO:FI. THE DETERIORATIOl,T 
Potential rubber deteriorating micro-organisms were 
isolated by an enrichment cultural technique using a natural 
rubber latex mineral salts agar. Actinomycetes with the 
capacity to clear the opaque latex agar were found to be 
t " 
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able to degrade vulcanized natural rubber in pure culture. 
No micro-organisms with the capacity to attack the 
rubber were isolated on styrene butadiene rubber latex agar 
plates. 
Actinomycetes similar to those isolated were found 
ramifying the deteriorated natural rubber pipe-joint rings. 
Photomicrographs of these organisms were obtained, using a 
scanning electron microscope. 
MEASUREM~NT OF THE HICROBIOLOGICAL DETERIOHATION OF 
VULCANIZED RUBBER 
In order to investigate the inflLlence of formulation 
of vulcanized rubber on its susceptibility to microbial 
attack quantitative techniques of measuring the rate of 
microbiological deterioration had to be developed. 
The test method of Leeflang (1963) was extended. 
Strips of vulcanized rubber were suspended into a w-ater bath 
enriched with rubber deteriorating micro-organisms. The 
progress of the deterioration determined using the respiratory 
activity of the micro-organisms growing on the strips, the 
appearance of the rubber surface and the loss in tensile 
properties of the vulcanized rubber as criteria of the 
microbiological deterioration. 
The susceptibility of vulcanized rubber to micro-
biological deterioration in soil was assessed, using the 
soil percolation apparatus. 
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EFFECT OF FORMULATION ON THE RATE OF MICROBIOLOGICAL 
DETERIORATION OF VULCANIZED RUBBER 
The choice of polymer, accelerating system, presence 
of antioxidants, carbon blacl~, the sulphur level and surface 
chlorination all influenced the rate of deterioration of 
vulcanized rubber. 
1. Natural rubber versus synthetic rubber 
The measurement of the carbon dioxide evolved from 
the rubber surface at two-month intervals for a period of 
18 months in the Leeflang test bath demonstrated that strips 
of vulcanized natural rubber were susceptible to microbial 
attack, whereas synthetic rubbers were resistant. 
The results of the microbiological deterioration of 
vulcanized rubber in soil percolation units were anomalous 
compared with the deterioration by waterborne micro-organisms. 
The finding that natural rubber was susceptible, whereas 
synthetic rubbers were resistant, to microbial attack was 
confirmed. However, styrene butadiene rubber was an 
exception, in that, it was attacked at a rate intermediate 
to that of the vulcanized natural rubber. 
A critical assessment of the Biochemical Oxygen Demand 
test cast doubt on the validity of earlier claims in the 
literature that all rubber, natural and synthetic alike, are 
subject to microbiological deterioration. 
The precaution of extracting compounding ingredients 
which may support or inhibi t microbial gro·wth and the use of 
"" y- -,'- '.'-~,' ~ '-' • ~ ~:,'. y • -
small quantities of rubber of comparable surface area was 
considered necessary to ensure the reliability of the BOD 
test. Despite these qualifications the rapid rate of 
oxygen dep1~tion in the bottles containing neoprene and 
styrene butadiene rubber was inconsistent with the data 
obtained from the measurement of the oxygen uptake of micro-
organisms growing on unit surface area of vulcanized rubber 
stri~s suspended for one year in a Leef1ang test bath. 
It is believed that the BOD test is a measure of the 
rate of colonization of the rubber surface by micro-organisms. 
This view is supported by the correlation between the water 
absorption of the vulcanized rubbers and the rate of oxygen 
depletion. This suggests that the wettabi1ity of the rubber 
surface and the influx of water into the vulcanized rubber 
stimulates microbial growth by enabling the micro-organisms 
to rapidly colonize the surface. 
High numbers of micro-organisms '<Tere found on the 
surface of all the natural and synthetic rubbers removed 
after two years in the Leeflang test bath. This meant that 
the numbers of organisms per unit area after prolonged 
immersion in water was an unsuitable criterion for the 
microbiological deterioration of vulcanized rubber. However, 
stereoscan photomicrographs illustrated that the micro-
organisms ramified through the natural rubber ,\Chile the growth 
was confined to the surface of the synthetic rubbers. 
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2. Accelerating system 
The choice of accelerating system influenced the rate 
of microbiological deteri6ration of vulcanized natural rubber. 
Peroxide cured natural rubber which contains carbon to carbon 
cross-links was more susceptible to microbiological deter-
ioration than sulphur cross-linked natural rubber. Whereas 
the presence and greater complexity of sulphur cross-links 
increases the susceptibility of vulcanized natural rubber to 
oxidative degradation, an increased complexity of the rubber 
network tended to reduce its susceptibility to microbiological 
deterioration. Dicumyl peroxide cured natural rubber, 1vhich 
is relatively resistant to oxidative ageing, was the most 
susceptible to microbial attack while unaccelerated sulphur 
cured natural rubber, 1vhich is the least resistant to 
oxidation, was one of the least susceptible to microbial 
attack. 
The rate of microbiological deterioration of the other 
vulcanizates depended on the presence or absence of 
accelerator or curing agent residues with microbiocidal 
activity in the extra network material. This microbiocidal 
activity Was apparent in the reduced numbers of micro-
organisms per unit surface area on strips of Tl\lTD sulphurless 
natural rubber in the Leeflang test bath, the zone of 
inhibition about pieces of vulcanized rubber embedded in 
nutrient agar plates inoculated with soil micro-organisms 
and the inability of pure cultures of rubber deteriorating 
micro-organisms to degrade sulphur cross-linked natural 
rubber in a shake flas1<: experiment. 
The curing agent T:MTD produced a microbiocidal rubber 
due to the presence of the residue Zm .. 1C in the extra network 
material. Extraction of the TNTD sulphurless cured natural 
rubber with acetone or caustic soda solution in a Soxhlet 
apparatus significantly increased the susceptibility of the 
rubber to microbial attack. 
Similarly, IvlBTS/THTH combination accelerated sulphur 
cured natural rubber was less susceptible than lI1BTS sulphur 
cured natural rubber. Thin layer chromatography ,vas used 
to demonstrate the presence of accelerators and accelerator 
residues such as ZDI'·1C and ZHBT within these vulcanizates. 
3. Presence of antioxidants 
The presence of antioxidants and antiozonants in 
vulcanized natural rubber protected the polymeric material 
from microbiological deterioration. Visual inspection of 
the rubber surface revealed that the vulcanizates containing 
an antioxida:n.t 1'Thich was not readily leached from the rubber 
surface were more resistant than those containing readily 
leached or no antioxidant. The measurement of the oxygen 
uptake by micro-organisms growing at the expense of the 
vulcanized rubber and loss in tensile properties confirmed 
the value of the inclusion of an antioxidant in vulcanized 
natural rubber to prevent its microbiological deterioration. 
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In a HBTS sulphur cured natural rubber containing 
Santoflex 13 (Monsanto) there was an interaction between the 
presence of the antioxidant and the sulphur level. 
Vulcanizates formulated wi th 2.5, 5 and 10 phr of sulphul,~ 
were included in the Leeflang test bath. The 5 phr sulphur 
level was found to be a good compromise between the pro-
tection against microbial attack and the loss in tensile 
properties due to the adverse effect of the additional sulphur. 
Apparently the increased complexity of the cross-links, free 
sulphur in the extra network material and the presence of the 
antioxidant all contributed to the resistance of the vulcan-
ized rubber to deterioration. However, at 10 phr of sulphur 
blooming carried the antioxidant and free sulphur from the 
polymeric material and the protection was ineffective. 
4. Reinforcing agents and dilutents 
Reinforcing the vulcanized natural rubber with carbon 
black reduced its susceptibility to microbiological deter-
ioration compared with the corresponding clay-filled rubber. 
Two possible reasons for this result are the protection of 
the rubber hydrocarbon by the carbon black-rubber interaction 
and the absorption of micro-organisms on the kaolinite. 
5. Microbiocides and surface chlorination 
The inclusion of microbiocides in the vulcanized 
natural rubber failed to prevent the deterioration of the 
rubber. Leaching of these compounds from the rubber surface 
probably explains their ineffectiveness. 
Surface chlorination suppressed microbial activity on 
the rubber surface. This procedure could be applied 
routinely to natural rubber pipe-joint rings as it is applied 
to milking machine rubber linings. 
USE OF THE SCANNING ELECTRON JllICROSCOPE IN THE STUDY OF 
BIODETERIORATION 
Scanning electron microscopy is a powerful new 
technique which Can be applied to the study of biodeteriora-
tion. The depth of field and resolving power of this 
microscope enabled the deteriorated rubber surface to be 
inspected and the rubber deteriorating micro-organisms to be 
identified. 
Rubber technologists and others with only a casual 
acquaintance 'wi th biological phenomena frequently suggest 
that the deterioration of natural rubber pipe-joint rings is 
a chemical or oxidative process. The scanning electron 
microscope was used to compare the effects of heat ageing, 
ozone attack and microbiological deterioration on the surface 
of a range of natural and synthetic rubbers. Marlced 
differences in the appearance of the surfaces were apparent 
after exposure to these three types of attack. 
REDUCTION IN CALO:9.IFIC VALUE OF DETERIOHATED VULCANIZED 
NATURAL RUBBER 
The reduction. in calorific value of deteriorated 
natural rubber from pipe-joint rings indicated that the 
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rubber deteriorating micro-organisms utilized the rubber 
hydrocarbon as a carbon and energy source. The inorganic 
filler, accelerator residues and sulphur remained within a 
network of residual rubber. 
MECHANISJ'.1 OF THE MICROBIOLOGICAL DETERIORATION OF 
VULCANIZED NATURAL HUBBEH 
Infra red spectrometry applied to the deteriorated 
natural rubber suggested that the mechanism of micro-
biological deterioration is oxidative. It is necessary to 
emphasize that microbial attack is a surface phenomenon. 
Apparently the penetration of the rubber deteriorating 
micro-organisms is limited by the physical resistance of the 
rubber, and the absence of oxygen and water within the 
polymeric material. 
CONCLUSIONS 
Micro-organisms of the Group Actinomycetes are able 
to degrade vulcanized natural rubber where the physical 
requirements of liquid water and oxygen are met. Synthetic 
rubbers appear to be resistant to microbiological deteriora-
tion; an exception was the deterioration of styrene buta-
diene rubber in a soil percolation unit. 
The formulation of vulcanized natural rubber markedly 
influences the rate of microbiological deterioration. The 
choice of accelerating system, presence of an antioxidant, 
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carbon black, an increased sulphur level and surface 
chlorination all reduce the susceptibility of vulcanized 
natural rubber to microbial attack. 
The most adequate criteria for the measurement of the 
microbiological deterioration of vulcanized rubber are the 
visual inspection of the rubber surface, the oxygen uptake 
by micro-organisms growing at the expense of the polymeric i"- -
mate~ial and loss in tensile properties of the rubber after 
prolonged exposure to an environment conducive to deter-
ioration, such as a Leeflang test bath or a soil percolation 
unit. 
It is the author's belief that by a judicious choice 
of formulation natural rubber pipe-joint rings can be manu-
factured complying to the New Zealand Standards Specification 
which are resistant to microbiological deterioration during 
their service life in an underground pipe line. 
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11.2 Origin, age, calorific value of undeteriorated and deteriorated 
rubber from surface of the pipe-joint rings, the sulphur 
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sulphur content 376 
11.4-/11.5 Analysis of variance - Duncan I S test. 380 
12.2 
12.3 
12.4 
14.5 
14.7 
Analyses of variance - Duncan 's·test. 
Soil percolation test. Natural vs. synthetic rubber 
" Soil percolation test. Accelerating systems 
" Soil percolation test. Antioxidants 
Analyses of variance - Duncan's test. TMTD concentration 
" " 
II 
" " 
Dicumyl peroxide 
concentration 
381 
383 
385 
387 
389 
.,'; 
Location 
1 Dyers Pass Road 
Cnr. Maidstone and 
Waimairi Roads 
Gainsford Street 
Rockinghorse Road 
Crofton ~~oad 
36 l"eers Hoad 
256 Nairehau Road 
Shirley '.!orking Nen' 5 
Club, ;lills Road 
9 Trafford Street 
3 Trafford Street 
53 Dent1ey Street 
60 nevinston Street 
32 lIacldhorne Hoad 
34 3entley Street 
Tabl.e 4.4 
Pipe-joint rings co11ected £rom 4" diameter ceramic sidelines 
Date Years in use 
25. 8.67 7 
2. 4.68 7 
3. 4.68 7 
1. 5.68 4 
1.' 5.63 
10. 5.68 6 
10. 5.68 
10. 5.68 8 
13. 5.68 7 
16. 5.68 8 
17. 5.68 8 
22. 5.68 8 
6. 6.68 
12. 6 .. 68 7 
Deterioration on 
inside 
Deep in the f1ow1ine 
Slight attack at 
f1ol.1ine 
Slight attack at 
£lowline 
No attack 
Extensive softening 
and deterioration at 
flowline 
No attac).: 
Softening at midline 
S1ight attack at 
f10wline 
Attack at flow'line 
No attacl: 
No attac}; 
So£tening 
No attacl. 
Pronounced softening 
Deterioration on 
outside 
Sur£ace erosion on 
bottom half of ring 
,No attack 
No at·tack 
No attacl~ 
No attacl~ 
Deep at midline 
No attack 
No attack 
No attacl;: 
No attack 
Sll.ght attacl: about 
circumference 
Softening 
Top outside circ~m­
ference attacJ:ed 
Remarks 
1 ring 
Septic line, depth 
14", 2. rings 
pH residue 7.1, soil 
6.5, 3 rings 
pH residue 6.8, soil 
6.3, septic line, 
3 rings 
Septic line, pII 
residue 6.2 
pH soil 6.5, depth 8"t 
'-I: rings 
pH soil 6. '}, 2 rin~s 
pH soil 7.8, '± rings 
pa residue 7.0, 
soi1 7.5 
pII residue 5 .l}, soil 
6.2, anaerobic septic 
line, 2 rings 
1 hollow ring 
septic line 
Se~tic line, 3 rings 
pH residue 6.4, soil, 
G .11, 2 rin:;s embedded 
in con-crete. Depth 
2'6" 
Slight attacl: abo.ut 7 rings 
circumference 
\,).I 
I'\) 
ex> 
Table 4.4 (cqntd.) 
Location 
Carmen Road 
Roydvale Road 
65 Dreens Road 
9 Oakdale Street 
70 Avonhead Road 
40 Roydvale Road 
83 Ascot Avenue 
254 Estuary Road 
14 Greendale Street 
'121 Pine Avenue 
419 I'ine Avenue 
417 Pine Avenue 
184 Gayhurst Road 
192 Avonhead Hond 
t-;ain Road, Sumner 
Date 
14. 6.67 
27. 6.68 
27. 6.68 
11. 7.68 
22. 7.68 
2. 8.68 
20. 9.68 
23. 9.68 
1'1.10.68 
11.12.68 
11.12.68 
12.12.68 
14. 2.69 
11.12.68 
11.12.68 
Years 
in use 
5 
:3 
6 
7 
4 
9 
8 
5-~ 
5-i 
5i-
8 
7 
8 
Deterioration on 
inside 
Softening 
No attack 
No at·tack 
:3 vent rings about 
inside and outside 
over half circumfer-
ence 
No attack 
Softening at midline 
Nottling and soften-
ing at flowline 
Deterioration on 
outside 
No attack 
No attacl;: 
No attaclc 
7 rings about com-
plete circumference 
4 ring circumference 
except invert 
No attack 
No attack 
No attack 
Slight deterioration No attac~ 
1 ring softening No attack 
Deteriorated at f10w- No attack 
line 
5 rings deteriorated 
at flowline 
No attack 
6 rings slight deter-
ioration at flowline 
No attack 
~~rked deterioration 
at flowline 
1 ring deteriorated 
outside circumfer-
ence 
No attack 
Slight deterioration 
about circumference 
No attacl~ 
No attack 
Remarks 
2 rings 
3 rings 
:3 rings 
pH residue 7.5, 
soil 6.4 
pI! residue 6.6, soil 
6.1, sullage line 
pH residue 6.3, soil 
7.2 
pH residue 6.1, soil 
6.5, 1 ring 
2 rings, rust 
deposition 
5 rings 
pI! residue 6.8 
Deterioration more 
marked on left hand 
side lateral to pump 
system. pH residue 
6.8 
4 rings 'pH resid~e 7.4 
soil 6.8 
D,teriorated on oppos~t( 
side to direction of 
flow alc 2 rings 5 from 
vertical 
/1 rings, high water 
table 
3 rings 
\.).I' 
N 
\J) 
c': ;-
':: ': 
::,< 
." 
Table 4.4 (contd.) 
Location 
271 Avonhead Road 
210 Mt.Pleasant Road 
Penguin Street 
12 Estuary Road 
73 \\fainoni Road 
108 Rockinghorse Road 
40 Chalcott Street 
Pine Avenue 
185 Gayhurst Road 
260 j·Jairehau Road 
Crofton aoad 
Bower Avenue 
117 \~ainoni :load 
113 Wainoni Road 
119 \lainolli aoad 
Date 
10. 2.69 
24. 2.69 
24. 2.69 
11.10.68 
24 •. 2.69 
24:. 2.69 
24. 2.69 
24. 2.69 
27. 2.69 
10. 5.68 
11. 7.68 
17. 5.63 
9. 5.69 
9. 5.69 
9. 5.69 
Years 
in use 
8 
5t 
8 
6 
8 
10 
15 
18 
17 
Deterioration on 
inside 
2 rings deteriorated 
at flowline 
Deterioration on 
outside 
}"larked attacl>: at 
invert and extreme 
attacl~ about whole 
circumference 
Remarks 
2 rings, septic line 
depth 2' 
Softening at flowline Deterioration about 6 Nitchell rings 
Softening about 
circumference 
2 rings deteriorated 
at flowline 
1 undeteriorated 
whole 'circumference 
Odd patches of 
deterioration 
No attack 
1 ring 
Slight deterioration 
at flowline 
No attack 3 rings 
No attack 
2 rings deteriorated 
at flowline 1 side 
only 
No attack 2 rings 
1 ring deteriorated 3 rings 
outside only 
Deterioration at 
flo, .. line 
1 ring deteriorated 
at midline 
1 ring deteriorated 
at flowline 2 rings 
softening 
6 rings softening 
2 rings deteriorated 
at flowline 
Slight deterioration 
at flowline 
No attack 
No attack 
No attack 
No attack 
No atta.ck 
Harked deterioration No attack 
at flowline and above, 
but not invert 
Extreme deterioration No attack 
at flowline 
Extreme deterioration No attac~ 
at flowline 
3 rings depth 4'9" 
4 rings 
8 rinss 
5 rings 
3 rings. Concrete 
laterals 
3 rings. Concrefe 
laterals 
1 rinSe Concrete 
lnteral 
\..>J 
\..>J 
o 
Table 4.4 (co~td.) 
Location 
387 Yaldhurst Road 
19 Greendale Street 
Amyes Road 
Taylors Mistake Road 
119 Wainoni Road 
117 Wainoni Road 
Cnr. Avonside and 
':ainoni Road 
}'lcKenzi e Avenue 
Marriner Street 
25 Main South Road 
397 Yaldhurst Road 
399 Yaldhurst Road 
Date 
9. 5.69 
9. 5.69 
26. 5.69 
26. 5.69 
28. 8.69 
28. 8.69 
28. 8.69 
28. 8.69 
19.12.69 
19.12.69 
19.12.69 
19.12.69 
102 & 104 Bridge Street 18. 3.70 
100 Bridge Street 18. 3.70 
}',cK.enzie Avenue 15. 11.69 
Canon Hill Crescent 15. 11.69 
Years 
in use 
4 
8 
7 
5 
17 
17 
17 
7 
9 
7 
7 
11 
3 
17 
8 
Deterioration on 
inside 
Softening 1 ring 
Slight deterioration 
No attack 
No attack 
Deterioration on 
outside 
No attac};: 
'Remarks 
3 rings 
Slight deterioration,2 rings 
1 ring slight deter-
Deterioration about 1 ring 
circu~ference 
No attack 4 rings 
2 rings extreme deter- No attack 
ioration, 1 ring 
Concrete lateral, 
compression set 
marked deterioration 
except invert 
Narked deterioration 
at flowline 
Deterioration except 
invert 
Marked deterioration 
at midline and above 
Softening 
No attack 
No attacl~ 
Slight deterioration 
at flowline 
Deterioration at 
the flowline 
Slight deterioration 
at floldine 
Marked deterioration 
at midline 
No deterioration 
No attack 
No attack 
No attack 
No attack 
Deterioration at 
inver.t 
No attack 
No attack 
No attack 
No attach: 
No attack 
No deterioration 
2 rings 
1 ring 
1 ring 
2 rings, Reid 
5 rings 
3 rin.!l;s ,Reid 
1 ring 
4 rings, concrete 
laterals, surrounded 
by water externally 
1 ring 
Concrete lateral, depth 
4', underground water 
3 rin,~s 
Root penetration blue 
gum trees. Very dry 
soil conditions 
VI 
VI 
..... 
:: :'. 
Table 4.4 (contd.) 
Location 
Kendal Avenue 
Radbrook Street 
Edgeware Road 
Bentley Street 
15 Greendale Street 
3 Tomrich Street 
297 Avonhead Road 
Lunns Road 
Centaurus Road 
69 Ensign Street 
13 Hindess Street 
Cnr. Yaldhurst and 
Racecourse Roads 
\vaipara Road 
Centaurus Road 
Tua\\Tera 'rerrace 
Te Awa Kura Terrace 
Date 
15. 4.69 
15. 4.69 
15. 4.69 
15. 4.69 
15.10.69 
15.10.69 
15.10.69 
18. 3.70 
18. 3.70 
7. 4.70 
7. 4.70 
16. 4.70 
16. 4.70 
16. 4.70 
16.- 4.70 
16. 4.70 
Years 
in use 
8 
8 
8 
9 
8 
8 
2 
5-1 
6 
7 
8 
6 
8 
6 
11 
10 
Deterioration on 
inside 
Classic softening 
4: rings 
Softening and slight 
deterioration 
Slight deterioration 
8 rings 
Softening 
Deteriora~ion on 
outside 
No attacl<: 
No attack 
No attack 
Deterioration 
Remarks 
8 rings 
3 rings 
10 rings 
Depth 2'. Dry shingle 
with clay loam 5 rings 
'.V.C. line - no deter- 2 rings deteriorated 3 rings 
ioration sullage line, 2 rings deteriorated 8 rings 
no deterioration 6 Reid rings undeter-
iorated 
Slight deterioration 
at flowline 
No deterioration 
No. attack 
Slight deterioration 
at flowline 
No attack 
1 ring softening 
No attack 
Deterioration in 
invert 
Deterioration at 
flowline 
No attack 
No attack 
No deterioration 7 rings 
No deterioration 8 rings 
No attack 2 rings 
No attack 6 rings 
Deterioration about 8 rings 
circumference 
10 rings deterior- 12 rings 
ated about circum-
ference 
Deteriorated about 3 rings 
circumference 
No attack Unused domestic 
lateral 
No attack 1 ring 
No Attack Root penetration 
depth 1f' macrocarpa 
No attack Root-~enetration, 
~gaio. 6 rings 
\.N 
\.N 
I\:) 
" " 
Table 4.4 (cantd.) 
Location 
10 Cobra Street 
59 & 66 Ensign Street 
15 Hindess Street 
28 Ensign Street 
Taylors Mistake Road 
8 Cobra Street 
Centaurus Road 
Kathleen Street 
98 Bower Avenue 
100 Rockinghorse Road 
44 Hindess Street 
22 Cunningham Place 
16 Jarrow Place 
Christchurch Inter-
national Airport 
26 Cunningham Place 
Date 
23. 4.70 
23. 4.70 
23. 11.70 
29. 5.70 
29. 5.70 
23. 4.70 
18. 3.70 
18. 3.70 
29. 5.70 
29. 5.70 
29. 5.70 
29. 5.70 
29. 5.70 
29. 5.70 
29. 5.70 
Years 
in use 
8 
7 
8 
9 
4i 
8 
6 
10 
10 
6 
8 
6 
4i 
3 
Deterioration on 
inside 
Deterioration at 
flowline 
Deterioration at 
flow·line 
1 ring attacked at 
flowline 
No attack 
No attack 
No attaclt 
Slight deterioration 
at flowline 
No attack 
Harked deterioration 
at flowline 
Softening 2 rings in 
\V.C. line 
No attack 
No attack 
No attack 
No attack 
No attack 
Deterioration on 
ou1:side 
Deterioration at 
invert 
Deterioration at 
invert 
2 rings deteriorated 
about circumference 
Remarks 
13 rings 
4 rings 
6 rings. 2 rings on 
~v .C.line manufactured 
by Reidrubber showed 
leaching of anti-
oxidant at the flow-
line 
5 rings deteriorated 7 rings 
2 rings undeter-
iorated 
Deterioration about Effluence drain in clay 
circumference soil - 1 ring 
No attack 
No attack 
No attack 
No attack 
No attack 
1 ring deteriorated 
about circumference 
No attack 
Slight deteriora-
tion about circum-
ference 4 rings 
No attack 
No attaclt 
3 rings manufactured 
by Reinrubber 
6 rings 
1 ring 
2 ring eyejoint 
7 rings 
2 rings. 
1 ring 
8 rings 
~o].c. line 
7 rings 
'vi 
'vi 
'vi 
-:. ;> 
" 
': :-
_.> ' 
Table 4.4 (contd.) 
Location 
20 McBeath Avenue 
50 NcBeath Avenue 
24 Russley Road 
75 Dunbar Street 
Carmen Road 
112 Springs Road 
2 Nicholls Road 
47 Dunbar Street 
168 Avonhead Road 
Harewood Road 
71 Staveley Street 
147 Foremans Road 
30 Dryden Street 
88 Neill Street 
Samuel Street 
4 Colina Street 
Date Years in use 
28. 9.70 8 
28. 9.70 8 
28. 9.70 9 
5. 2.71 10 
5. 2.71 3 
5. 2.71 6 
5. 2.71 8 
5. 2.71 9 
5. 2.71 6 
5. 2.71 
5. 2.71 10 
5. 2.71 10 
5. 2.71 11 
5. 2.71 7 
5. 2.71 7 
5. 2.71 10 
Deterioration on Deterioration on Remarks inside outs,ide 
No attack 1 ring deterioration 2 rings 
about circumference 
Deterioration at flow- No attack 4 rings 
line, ·1 ring softening 
Slight deterioration No attack 1 ring 
at flowline 
No attack. 1 ring 1 ring deterioration 2 rings 
deterioration at about circumference. 
flowline No attack 
No attack No attack 3 rings Reidrubber \..>I 
No attack No attack 1 ring from septic \..>I .j:"" 
tank line 
No attack No attack 1 ring 
No attack Deterioration about 8 rings 
circumference 
No attack 1 ring deteriorated Empire deteriorated 
about circumference Reid not 
Deterioration at the No attack 2 rings encased in 
flowline, 1 ring concrete 
No attack No attack 2 rings W.C. line 
2 rings sullage 
1 ring markedly 4 rings 
inside and outside 
3 rings undeteriorated 
Slight deterioration No attacl< 4 rings 
No attack Deteriorated about :? rings 
circumference 
No deterioration No deterioration Eye joint, waterlogged 
clay 
No attack Slight deterioration 
about circumference 
Table 4.4 (contd.) 
Location 
469 Main South Road 
Glencoe Crescent 
111 Wainoni Road 
109 \vainoni Road 
36 Dunster Street 
21 Bevington Street 
27 Mt.Pleasant Road 
62a Brindley Street 
297 \vainoni Road 
15 Avonhead Road 
53 Appleby Crescent 
9 Cobra Street 
17 Beatrice Place 
Date 
5. 2.71 
5. 2.71 
2. 5.69 
2.5.69 
2. 5.69 
2. 5.69 
2. 5.69 
2. 5.69 
28. 9.70 
28. 9.70 
28. 9.70 
28. 9.70 
28. 9.70 
Years 
in use 
10 
8 
17 
8 
6 
8 
5 
6 
5 
9 
7 
9 
Deterioration on 
inside 
6 rings undeteriorated 
2 rings deteriorated at 
flowline 
3 rings markedly deter-
iorated outside 
12 rings deteriorated 
outside 
4 rings slight deter-
ioration 
Deterioration on 
outs:j.de 
2 rings outside 
circumference 
Extreme deterioration No attack 
about circumference 
Deteriorated at No attack 
flowline 
No attack No attack 
No attack Slight attack on 
1 ring 
Slight deterioration 
W.C. line, 3 rings no 
attack, Sullage line 
2 rings slight deter-
ioration at midline 
No attack 
Slight deterioration 
at flowline 
Deterioration about 
circumference 
Slight deterioration 
at flowline 
No attack 
No attack 
1 ring slight deter-
ioration. Deteriora-
tion about outside 
circumference 
No attack 
No attack 
No attack 
No attack 
Deterioration about 
circumference 
Remarks 
23 rings 
6 rings 
6 rings, compression 
set,concrete iateral 
Earthenware depth 
3' - 4', 3 r"l.ngs 
8 rings 
3 rings 
2 rings 
3 rings, depth 4' 
3 rings 
Root penetration 
4 Mitchell rings 
1 ring 
VI 
VI 
\.1l 
": 
Table 4.4 (contd.) 
Location 
237 Eastern Terrace 
Date Years in use 
Deterioration on 
inside 
Deteriorati~n on 
outsi.de 
25. 9.70 18 Extreme deterioration No attack 
Total .number of rings 448 
Deteriorated inside circumference 165 (37%) . 
Deteriorated outside circumference 131 (34%) 
Softening 51 ( 11%) 
Deterioration both inside and 
outside circumference 28 ( 6%) 
Average age of ring samples 8 years 
Remarks 
Ring in an unstressed 
condition inside 
invert 
\J.I 
\J.I 
~ 
Location 
Cnr. Sandy Avenue and 
Bower Avenue 
34 Mountbatten Street 
Warren Crescent 
Cnr. Beach Road and 
Effingham Street 
254, Estuary Road 
47 Ascot Avenue 
Bowhi11 Road 
Russ1ey Lodge, 
Roydva1e Avenue 
Table 4,.6 
Pipe-,joint, rings collected' from se,wer mains 
Date ' Years in use 
17. 5.68 16 
22. 5.68 12 
16. 7.68 
21. 8.68 9 
23. 9.68 8 
24,.10.68 8 
14,.10.68 12-1 
24. 9.69 5 
Deterioration on Deterioration on 
inside outside 
Deterioration at No attack 
f1ow1ine 
Extreme deterioration No attack 
above f10wline 
Deterioration at No attack 
mid1ine 
Deteriorated at No attack 
f1ow1ine 
Extreme deterioration No attack 
on one side of ring 
1 ring extreme deter- No attack 
ioration on f10w side, 
2 rings at mid1ine 
Deterioration about 
, circumference 
2 rings deteriorated 
at f1ow1ine 
No attack 
Deteriorated 
about circumfer-
ence 
Tota1 number of rings 
Deteriorated inside 
Deteriorated outside 
Softening 
19 
19 
2 
Ni1 
(100%) 
(, 1.1%) 
Average age 10 years 
Remarks 
9' concrete, depth 4' 
6 rings, pH residue 5.2, 
soil 3.8 ' 
Concrete main stopper 
1 ring 
Be10w water tab1e 
depth 3'6" , 
4 rings con~:ret:e '8'" main, 
depth 13'6", pH residue 
7.4, soi1 6.2 
, Bottom joint of vertica1 
connection, depth 4,' 
Side connection concrete 
depth 5', 3 rings 
Concrete sto~per to sewer 
main depth 6i" , 
6' concrete sewer main 
depth 6' 
;:' 
\.>J 
~ 
" 
Location 
1 Dyers Pass Road 
Rowses Road 
Cnr. Linwood Avenue 
and Aldwins Road 
Wainoni Road 
Avonside Drive 
Cnr. Aikmans Road 
and Rossal1 street 
Table 4:.7 
Pipe-joint rings collected from stormwater mains 
Date Years Deterioration on Deterioration on in lise inside outside 
25. 8.67 7 Deteriorated Deteriorated 
irregular irregular 
10. 5.68 11 No attack No attack 
4. 3.69 8 Deteriorated in Deteriorated about 
invert circumferences 
except top where 
concreted 
26. 5.69 10 Deteriorated about No a ttacl~ 
whole circumference 
18. 3.70 11 Deteriorated about No attack 
whole circumference 
7. 7.70 20 Deterioration at No attacl~ . 
midline 
Total number of rings 9 
Deteriorated inside 7 (78%) Deterior~ted outside 3 (33% ) 
Softening Nil 
Average age 11 years 
Remarks 
2 rings 
pH r.esidue 7.2 concrete 
stormwater outfall 
2 rings 
Concrete stormwater 8" , 
depth 1 ' 
8" 
VJ 
concrete stormwater ~ 
8" stormwater outfall 
8" stormwater encased 
in concrete 2 rings 
Table 4.10 
Pipe-joint rings collected·from water mains 
Location Date 
Jeffreys Road 3.10.68 
\vairakei Road 12. 3.68 
Waimairi County Council 21. 5.68 
Kumara - \vest Coast 18. 3.70 
Nain Road, Picton 7. 4.70 
Princess ~~rgaret 3. 2.71 
Hospital 
Lincoln College grounds 19. 4.70 
Years 
in use 
9 
28 
20 
9 
19 
18 
Deterioration on 
inside 
No attack 
Deterioration on 
outside 
No attack 
Extreme deterioration No attack 
about circumference 
Deterioration about No attack 
half circumference 
Marked deterioration No attack 
about circumference 
Deterioration about No attack 
circumference 
Extreme deterioration No attack 
about circumference 
No attack No attack 
Total number of rings 26 
Deteriorated inside 16 (62%) 
Deteriorated outside Nil 
Softening Nil 
Average age of rings 16 years 
Remarks 
6 rings Boiler coil-
ing system 5' cast 
iron 
4" cohcrete water 
main, pH soil 8.4 
2 rings 
Unchlorinated water 
Asbestos-cement main 
6" concrete water 
main 
9" asbestos-cement 
water main, 2 rings 
6" concrete water 
ma~n leading from 
reservoir to Hospital. 
10 rings 
Cast ,iron on to 
asbestos-cement, 
4 rings. 
Vi 
Vi 
\.0 
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Table 6.2 
Formulation of vulcanized natural rubber 
included in the pure culture experiments. 
Smoked Sheet clasq 1 100 100 100 
Suprex clay 30 30 30 
Zinc oxide 5 5 5 
Stearic acid 2 2 2 
Acarb 300 2 2 2 
Renacit IV 0.25 0.25 0.25 
Sulphur 2.5 5 
}'lETS 1.5 1.5 
Dicumyl peroxide 3.5 
T}'lTD 
Press vulcanized at 287 0 F for 10 minutes as 
6" x 6" x 0.07" tensile sheets. 
100 
30 
5 
2 
2 
0.25 
4: 
- ·-····-.·;-:.·-_<;T _ ..••••. --.' .--._. 
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Table 7.1 
Formulation of vulcanized rubber samples 
Natural rubber vs. synthetic rubber 
Natural rubber 
Rubber, smoked sheet Class 1 
Suprex clay 
Zinc oxide 
Stearic acid 
Flectol H 
Acarb 300 
MBTS 
ffillphur 
Butyl 
Butyl 
HAF Black 
MT Black 
South clay 
Process oil 
Zinc oxide 
Stearic acid 
Sulphur 
MBTS 
ZDEC 
Styrene butadiene rubber 
SBR 1808 
SBR 1500 
HAF Black 
H.A. oil 
Zinc oxide 
Stearic acid 
IPPD 
Nonox ZA 
Santo Cure 
DPG 
100) 
75) 
50) 
D.M.B. crystex sulphur 
Neoprene 
Neoprene iliT 
S.R.F. Black 
Process oil 
Zinc oxide 
Magnesia 
Stearic acid 
Nonox HP 
2 mercapto imidizoline 
100 
30 
5 
2 
1.0 
2 
1.5 
2.5 
100 
30 
30 
15 
25 
5 
2 
1.5 
0.5 
2.0 
225 
4 
2 
1 
1 
1 
0.325 
2.5 
100 
35 
15 
5 
4 
1 
3 
0.5 
Table 7.1 (contd.) 
Nitrile 
Hycar 1052 
Hycar 1312 
MT Black 
Acarb 300 
South clay 
Zinc oxide 
Dibutylphthalate 
D.C. Resin 
Stearic acid 
MBTS 
Sulphur 
polybutadiene 
Taktel1.e 
Zinc oxide 
Acarb 300 
F.T. Black 
Dutrex R 
Stearic acid 
PBN 
Flectol H 
CBS 
TMT}.II 
Sulphur 
342 
Press vulcanized at 287 0 F for 10 minutes as 
6" x 6" x 0.07" tensile sheets. 
91.0 
9.0 
173.3 
10.0 
40 
5 
11.6 
12.5 
1.5 
1.25 
1.75 
100 
20 
60 
20 
3 
1 
1.0 
2.0 
0.75 
0.5 
2.25 
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Table 7.3 
Analysis of variance - Duncan's Test 
Natural vs. Synthetics 
2 months 
Treatment means (mg of CO 2 evolved per week) 
2 Neoprene 
4 Polybutadiene 
5 Styrene butadiene 
rubber 
6 Natural rubber 
3 Nitrile 
1 Butyl 
3.13 
3.13 
3.13 
2.93 
1.96 
1.80 
N.S. 
Duncan's Test --- non-significant groups 
5~ level 2 to 1 
Source of 
variance 
Degrees of 
Freedom 
Treatments 
Errors 
TotalL 
6 months 
Treatment means 
6 Natural rubber 
3 Nitrile 
5 SBR 
lJ: Polybutadiene 
2 Neoprene 
1 Butyl 
5 
12 
17 
Sums of 
Squares 
589.166 
1287.333 
1876 .500 
Hean 
Square 
N.S. 
Duncan's Test --- non-significant groups 
5% level 3 to 1 
Source of 
variance 
Treatments 
Errors 
Total 
Degrees of 
Freedom 
5 
12 
17 
Sums of 
Squares 
1703.611 
1356.666 
3060.277 
Hean 
Square 
340.722 
113.055 
Variance 
Ratio F 
1.09 
Variance 
Ratio F 
Table 7.3 (contd.) 
12 months 
Treat means 
6 Natural rubber 
l.l: Polybutadiene 
1 Butyl 
3 Nitrile 
5 SBR 
2 Neoprene 
344 
4.80 
3.16 ) 
1.80 ) N. S. } 
1.73 ) 
1.60 N.S. 
1.26 
Duncan's Test --- non-significant groups. 
1% level 4 to 3 and 1 to 2. 
Source of Degrees of Sums of 1'-1ean 
variance Freedom Squares Square 
Treatments 5 27 22 .944 544.588 
Errors 12 390.000 32.500 
Total 17 3112.944 
18 mon-ths 
Treatment means 
6 Natural rubber 3.60 
1 Butyl 1.63 
J 3 Nitrile 1.53 4 Polybutadiene 1.00 5 SBR 0.66 2 Neoprene 0.80 
Duncan's Test 
---
non-significant groups. 
1% level 1 to 2 
Source of Degrees of Sums of Mean 
variance Freedom Squares Square 
Treatments 5 1661.611 332.322 
Errors 12 282.000 
-23.500 
Total 17 1943.611 
Variance 
Ratio F 
16.75 ** 
Variance 
Ratio F 
14.14 ** 
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Table 7.4 
Analysis of variance - Duncan's Test 
Natural vs. Synthetics 
One hour 
Treatment means (jJ (, of oxygen) 
1 Natural rubber 0.63 } 5 Butyl 0.56 2 SBR 0.43 6 Nitrile 0.33 
4 Polybutadiene 0.16 
Duncan's Test Non-significant groups 
. 5% 1 eve 1 1 to 4 
Source of 
variance 
Degrees of 
Freedom 
Sums of 
Squares 
Mean 
Square 
Treatments 
Errors 
Total 
Six hours 
Treatment means 
1 Natural rubber 
5 Butyl 
4 Polybutadiene 
2. SBR 
3 Neoprene 
6 Nitrile 
5 
12 
17 
Duncan's Test 
1% level 5 to 
---
3 
41.999 
210.000 
252.000 
4.80 
1.66 ) 
8.399 
17.500 
1.20 ) N.S. 1 
0.93 ) 
0.93 ) N.S. 
0.30 
non-significant groups 
and 4 to 6 
Variance 
Ratio F 
0.47 
Source of Degrees of Sums of Mean Variance 
variance Freedom Squares Square Ratio F 
Treatments 5 389 2 .277 788. lJ:55 34.85 ** 
Errors 12 268.000 22.333 
Total 17 4160.277 
Table 7.4 (contd.) 
Twelve hours 
Treatment Means 
1 Natural rubber 
2 SBR 
5 Butyl 
3 Neoprene 
4 Polybutadiene 
6 Nitrile 
Duncan's Test 
'1% level 2 to 6 
Source of Degrees 
variance Freedom 
Treatments 5 
Error 12 
Total 17 
» . .;.--- -
- ---- .. -.---_. 
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9.30 
1.83 J 1.60 N.S. 
1.26 
1.26 
0.56 
non-significant groups 
of Sums of Mean Variance 
Squares Square Ratio 11' 
162iJ:7. 6 11 32lt9.522 90.96 ** 
428.666 35.722 
16676.277 
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Table 7.8 
Flormulation of Natural rubber - styrene butadiene 
rubber blends 
Smoked sheet 100 80 60 40 20 
Styrene butadiene 
rubber 0 20 40 60 80 
Zinc oxide 5 5 5 5 5 
Stearic acid 1 1 1 1 1 
HBTS 1.0 1.0 t.O 1.0 1.0 
TMTM 0.25 0.25 0.25 0.25 0.25 
Sulphur 2.5 2.5 2.5 2.5 2.5 
Press vulcanized at 287 0 F for ten minutes as 6" x 6" X 
0.007" tensile sheets. 
0 
100 
5 
1 
1.0 
0.25 
2.5 
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Table 8.1 
Vulcanized natural rubber 
Numbers 1 to 6 
Natural rubb~r, smoked sheet Class 1 
Suprex clay 
Acarb 300 
Zinc oxide 
Stearic acid 
Sulphur 
1 MBTS 
2 MBT 
3 DPG 
4'HBS 
Sulphur omitted 
5 Dicup R 
6 THTD 
Number 7 
Natural rubber, smoked sheet Class 1 
MT Black 
Dutrex R 
Zinc oxide 
Stearic acid 
Sulphur 
IvIBTS 
TIvlTH 
Number 8 
100 
30 
2 
5 
1 
2.5 
1.5 
1.5 
1.5 
1.5 
100 
30 
5 
5 
1 
1.5 
1.0 
0.25 
Natural rubber, smoked sheet Class 1 100 
Sulphur 8 
Press vulcanized at 287 0 F for ten minutes as 
6" x 6" x 0.007" tensile sheets. 
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Table 8.2 
Analyses of variance - Duncan's Test 
Curing system 
One hour 
Treatment Means (,.,Iof oxygen) 
3 Dicumyl peroxide 
2 MBTS-sulphur 
4 Unaccelerated sulphur 
6 DPG-sulphur 
5 MBT-sulphur 
1 T~~TD-sulphurless 
2~2 
0~8 
0.7 
0.7 
0.6 
0.5 
} N.S. 
Duncan's Test non-significant groups 
1% level 2 to 1 
Source of Degrees of Sums of Nean 
variance Freedom Squares Square 
Treatments 5 637.8 12 7.6 
Error 12 106.6 8.9 
Total 17 7 44 • 4 
Six hours 
Trea tment Means (!'Ie of oxygen) 
3 Dicumyl peroxide 12.1 
6 DPG-sulphur 4.7 1 5 MBT-sulphur 4.5 N.S. 2 MBTS-sulphur 3.1 J N.S. 4 Unaccelerated sulphur 1.7 
1 TMTD-sulphurless 1.0 
Duncan's Test 
---
non-significant groups 
1% level 6 to 2 and 2 to 1 
Source of Degrees of Sums of ~'1ean 
variance Freedom Squares. Square 
Treatments 5 23980.9 4796.2 
Error 12 768.7 64.1 
Total 17 24 7 4 9.6 
· .. _----.< ..• 
Variance 
Ratio F 
14.35 ** 
Variance 
Ratio F 
74.9 ** 
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Table 8.2 (contd.) 
Twelve hours 
Treatment Means (~!of oxygen) 
3 Dicumyl peroxide 
5 MBT-sulphur 
6 DPG-sulphur 
2 MBTS-sulphur 
4 Unaccelerated sulphur 
1 TMTD-sulphurless 
22.8 
8.6 
7.6 
5.2 
2.3 
1.8 
} N.S. } 
} 
N.S. 
N.S. 
Duncan's Test --- non-significant groups 
1% level 5 to 6, 6 to 2 and 4 to 1 
Source of 
variance 
Treatments 
Error 
Total 
Degrees of 
Freedom 
5 
12 
17 
Sums of Mean 
Squares Square 
8915 l.l:.5 17830.9 
1406.0 117. 2 
90560.5' 
Variance 
Ratio F 
152.2 ** 
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Table 8.5 
Analyses of variance - Duncan's Test 
Accelerating system 
Tensile strength. Control 
Treatment means (psi) 
1 ]\lBTS sulphur cured 
3790 4 T:tv1TD sulphurless cured 
5 DPG sulphur cured 
3970 } 
3130 N.S. 
3 Dicumyl peroxide cured 
2 MET sulphur cured 
3090 
2870 
Duncan's Test --- non-significant groups 
1% level 1 to 2 
Source of 
variance 
Treatments 
Error 
Total 
Degrees of 
Freedom 
Sums of 
Squares 
27536.9 
20204.0 
477/±0.9 
Tensile strength. Deteriorated 
Treatment Means (psi) 
4 TMTD sulphurless cured 
1 MBTS sulphur cured 
2 MET sulphur cured 
3 Dicumyl peroxide cured 
5 DPG sulphur cured 
2220 
1130 
1000 
850 
600 
Duncan's Test 
---
non-significant 
1% level 1 to 5 
Source of Degrees of Sums of 
variance Freedom Squares 
Treatments 4 45953.6 
Error 10 10311.3 
Total 14 5626 L'::.9 
He all. 
Square 
6884.2 
2020.4 
groups 
Hean 
Square 
11488.4 
1031.1 
Variance 
Ratio F 
3.4 N.S. 
Variance 
Ratio F 
11.1 ** 
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TableS.7 
Analyses of variance - Duncan's Test 
Antioxidants 
Zero time 
Treatment Means (mg of CO2 evolved/week) 
4 Santoflex 77 1;8 } N.S. 2 Copper 1.5 
} N.S. 
3 Flectol H 1.0 
6 J>BN O.S 
1 Control 0.7 
7 NDPA 0.7 
8 IPPD 0.6 
5 Nonox iV-SP 0.3 
Duncan's Test 
---
non-significant groups 
5% level 4 to 3 , 2 to 8, and 3 to 5. 
Source of Degrees of Sums of Mean 
variance Freedom Squares Square 
Treatments 7 511.2 73.0 
Error 16 438.7 27.4 
Total 23 949.9 
Six months 
Treatment Means (mg of CO2 evolved/week) 
2 
1 
7 
4 
6 
3 
S 
5 
Copper 3.1 } Control 2.13 N.S. 
NDPA 2.0 
Santoflex 77 1.S 
PEN 1.6 
Flectol H 1.5 N.S. 
IPPD 1.3 
Nonox lVSP 1.0 
Duncan's Test --- non-significant groups. 
5% level 2 to 7 and 1 to 5. 
N.S. 
Variance 
Ratio F 
2.7 * 
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Table 8.7 (contd.) 
12 months 
\" 
Treatment Means (mg of CO2 evolved/week) 
2 Copper 4.2 
8 IPPD 3.8 
II Santoflex 77 3.6 
7 NDPA 3.2 N.S. 
5 Nonox WSP 3.0 
6 PEN 2.9 
1 Control 2.5 
3 Flectol H 2.1 
Duncan's Test --- non-significant groups 
5% level 2 to 3. 
Source of Degrees of Sums of Mean Variance 
variance Freedom Squares Square Ratio F 
Treatments 7 984.0 140.6 0.47 N.S. 
Error 16 4739.3 296.2 
Total 23 5723.3 
18 months 
Treatment Means (rug of CO 2 evolved/week) 
2 Copper 
5.0 I 1 Control 3.7 
5 Nonox liSP 3.6 N.S. 
7 NDPA 3.2 
8 IPPD 3.2 
6 PEN 2.7 N.S. 
4 Santoflex 77 2.5 
3 Flectol H 2.1 
Duncan's Test non-significant groups 
5% level 2 to 8 and 1 to 3. 
Source of Degrees of Sums of ]\'iean Variance 
variance Freedom Squares Square Ratio F 
Treatments 7 1600.6 228.7 1. 76 N.S. 
Error 16 2073.3 12 9.6 
Total 23 3673.9 
.. ------
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Table 8.8 
Analyses of variance - Duncan's Test 
Antioxidants 
One hour 
Treatment Means <pi. of oxygen) 
7 Copper 2.5 
5 Nonox WSP 0.4 
8 NDPA 0.4 
2 Santoflex 77 0.4 N.S. 
6 IPPD 0.3 
1 Control 0.1 
3 Aritioxidant 4010 0.1 
4 Flectol H 0.0 
Duncan's Test Non-significant groups 
1% level 5 to 4 
Source of Degrees of Sums of :Mean 
variance Freedom Squares Square 
Treatments 7 1416.3 202.3 
Error 16 181.3 11.3 
Total 23 1597. 6 
Six hours 
Treatment }\'1eans <,t of oxygen) 
7 Copper 10.5 
8 NDPA 2.1 
5 Nonox ,v-SP 1.5 
3 Antioxidant 4010 1.4 N.S. 
6 IPPD 1.4 
1 Control 1.2 N.S. 
4 Flectol H 0.9 
2 Santoflex 77 0.6 
Duncan's Test non-significant groups 
1% level 8 to 4 and 5 to 2. 
Source of Degrees of Sums of lvlean 
variance Freedom Squares Square 
----~----
Treatments 7 22644.6 323.49 
Error 16 387.3 24.2 
Total 23 23031. 9 
Variance 
Ratio F 
17.9 * 
Variance 
Ratio F 
133.6 ** 
Table 8.8 (contd.) 
12 hours 
Treatment Heans (jJlof oxygen) 
7 Copper 21.8 
6 IPPD 2.7 
1 Control 2.6 
8 NDPA 2.5 N.S. 
5 Nonox \vSP 2.0 } 4 Flectol H 2.0 3 Antioxidant 4010 1.6 N.S. 
2 Santoflex 77 0.7 
Duncan's Test non-significant groups 
1% level 
-
6 to 3 and 5 to 2 
Source of Degrees of Sums of Mean Variance 
variance Freedom Squares Square Ratio F 
Treatments 7 103122.9 14731.9 379.0 ** 
Error 16 622.0 38.9 
Total 23 103744.9 
-. - -.: ~ : :.; - .:--: : .. :-: -: , 
356 
Table 8.10 
Analyses of variance - Duncan's Test 
Antioxidants 
Tensile strength control 
Treatment Means (psi) 
2 Santoflex 77 
11 Santoflex 217 
1 Control 
8 IPPD 
10 Antioxidant 4010 
3 Flectol H 
6 Nonox \VSP 
4 PBN 
5 NDPA 
9 Nonox B 
3220 
3190 
3130 
3120 N.S. 
2870 
2710 
2640 
2610 
2600 
1320 
N.S. 
Duncan's Test --- non-significant groups 
1% level 2 to 6 and 11 to 5. 
Source of Degrees of Sums of 
variance Freedom Squares 
Treatments 10 85053.5 
Error 22 11534.0 
Total 32 96587.5 
Tensile strength. Deteriorated 
Treatment Means (psi) 
2 Santoflex 77 2540 
7 Santoflex 13 2500 
10 Antioxidant 4010 2330 
3 Flectol H 2220 
6 Nonox i~BP 2170 
11 Santoflex 217 2060 
N.S. 
Mean 
Square 
N.S. 
Variance 
Ratio F 
16.2 ** 
5 NDPA 1860 N.S. 
l! PEN 1770 
8 IPPD 1760 N.S. 
1 Control 1650 
9 Nonox B 1390 
Duncan's Test --- non-significant groups 
1% level 2 to 11, 10 to 8, 3 to 1 and 5 to 9. 
I. 
-'.'.-.,--;-. 
5';)7 
Table 8.10 (contd.) 
Source of Degrees of Sums of Nean Variance 
variance Freedom Squares Square Ratio F 
Treatment 10 39989.6 3998.96 8.0 ** 
Error 22 11039.3 501.8 
Total 32 
- " - - - -'---"-, -.-:.--:,"~-. " .. '-- . -- ~. . - - , 
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Table 8.11 
Analyses of variance - Duncan's Test 
Sulphur -Antioxidant Interactions 
Zero time 
Treatment Means (mg of CO2 evolved/week) 
4 2.5 phr sulphur plus an tioxi dan t 1.5 
3 10 phr sulphur 1.4 
1 2.5 phr sulphur 1.0 
5 5 phr sulphur plus antioxidant 0.9 
2 5 phr sulphur 0.7 
6 10 phr sulphur plus antioxidant 0.4 
I 
Duncan's Test 
---
non-significant groups 
5% level 4 to 6. 
N.S. 
Source of Degrees of Sums of Mean Variance 
variance Freedom Squares 
Treatment 5 279.8 
Antioxidant 1 3.6 
Sulphur 2 65.4 
Antioxidant 
X sulphur 2 210.8 
Error 12 650.0 
Total 17 929.8 
Six months 
Treatment Means (mg of CO 2 evolved/week) 
1 2.5 phr sulphur 
2 5 phr sulphur 
4 2.5 phr sulphur plus antioxidant 
6 10 phr sulphur plus antioxidant 
3 10 phr sulphur 
5 5 phr sulphur plus antioxidant 
Square 
55.9 
3.6 
32.7 
105.4 
54.2 
4.6 
1.9} 
Ratio 
1.03 
0.1 
0.6 
1.9 
0.8 S 
1.2 N.S.} 
0.5 N. • 
0.4 
Duncan's Test --- non-significant groups 
1% level 2 to 4 and 4 to 5. 
F 
N.S. 
N.S. 
N.S. 
N.S. 
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Table 8.11 (contd.) 
Source of Degrees of Sums of :Mean Variance 
variance Freedom Squares Square Ratio F 
Treatments 5 3678~4 735.7 60.2 ** 
Antioxidants 1 1058.0 1058.0 86.6 ** 
Sulphur 2 1648.4 824.2 67. 4 ** 
Antioxidant 
X Sulphur 2 972.0 486.0 39.8 ** 
Error 12 146.7 12.2 
Total 17 3825.1 
12 months 
Treatment ~leans (mg of CO 2 evolved/week) 
1 2.5 phr sulphur 
3 10 phr sulphur 
6 10 phr sulphur plus antioxidant 
4 2.5 phr sulphur plus antioxidant 
2 5 phr sulphur 
5 5 phr sulphur plus antioxidant 
4.8 } 
4.4 NeSe} 4.2 
3.0 NeSeJ 
3.0 S 2.1 Ne e 
Duncan's Test --- non-significant.groups 
1% level 1 to 6 , 3 to 2 and 4 to 5e 
Source of Degrees of Sums of :Mean Variance 
variance Freedom Squares Square Ratio F 
Treatments 5 1622.3 324.5 8.2 ** 
Antioxidants 1 420.5 i.1:20.5 10.6 ** 
Sulphur 2 1015.4 507.7 12.8 ** 
Antioxidants 
X Sulphur 2 186.3 93.2 2.4 
Error 12 475.3 39.6 
Total 17 2097. 6 
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Table 8.11 (contd.) 
18 months 
Treatment Means (mg of CO2 evolved/week) 
1 
3 
2 
6 
5 
4 
2.5 phr sulphur 
10 phr sulphur 
5 phr sulphur 
10 phr sulphur plus antioxidant 
5 phr sulphur plus antioxidant 
2.5 phr sulphur plus antioxidant 
3.6 
2.9 
2.6 
2.3 
2.1 
2.0 
Duncan's Test --- non-significant groups 
5% level 1 to 6 and 3 to 4 
Source of Degrees of Sums of Hean 
variance Freedom Squares Square 
Treatments 5 549.2 109.8 
Antioxidant 1 382.7 382.7 
Sulphur 2 52.3 26.2 
Antioxidant 
X sulphur 2 114.1 57.1 
Error 12 693.3 57.8 
Total 17 1242.5 
Variance 
Ratio F 
1.9 N.S. 
6.6 * 
0.5 N.S. 
1.0 N.S. 
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Table 8.12 
Analyses of variance - Duncan's Test 
Sulphur - Antioxidant Interaction 
Tensile strength. Control 
Treatment Means (psi) 
1 2.5 phr sulphur 
4 2.5 sulphur plus antioxidant 
5 5 phr sulphur plus antioxidant 
2 5 phr sulphur 
6 10 phr sulphur plus antioxidant 
3 10 phr sulphur 
3970 } 3710 N.S.1, 
2360 )J 2010 N.S. 
1700 N.S. 
·1090 
Duncan's Test --- non-significant groups 
1% level 1 to 4, 4 to 5 and 5 to 3. 
Source of 
variance 
Degrees of Sums of Mean Variance 
Treatments 
Antioxidant 
Sulphur 
Antioxidant 
X sUlphur 
Error 
Total 
Freedom 
5 
1 
2 
2 
12 
17 
Squares 
195089.8 
2496 .9 
186 708.1 
5884.8 
44662.6 
239752.4 
Tensile strength. Deteriorated 
Treatment Means (psi) 
2 5 phr sulphur 
5 5 phr sulphur plus antioxidant 
4 2.5 phr sulphur plus antioxidant 
1 2.5 phr sulphur 
6 10 phr sulphur plus antioxidant 
3 10 phr sulphur 
Square 
39018.0 
2496.9 
93354.1 
2942.4 
3721.9 
2540 J 2360 N.S. 
2190 
11201 1020 N.S. 980 
Duncan's Test --- non-significant groups 
1% level 2 to 4 and 1 to 3 
Ratio F 
10.5 ** 
0.7 N.S. 
25.1 ** 
0.8 N·S. 
,.<, .... _, ",":"0"',-,-
. ' -. ---:- -~. '.' - , . '.- :' ~ . . - :- .... '-'-.-. 
Table 8.12 (contd. ) 
Source of Degrees of Sums of Nean Variance 
variance Freedom Squares Square Ratio F ~.: ' .. ~.> ,,<-:.-,. 
Treatments 5 80865.8 16173.2 33.2 ** 
Antioxidant 1 4355.5 4355.5 8.9 * 
Sulphur 2 63280.4 31640.2 65.0 ** 
Antioxidant 
X sulphur 2 13229.8 6614.9 13.6 ** 
Error 12 5840.0 486.6 
Tota,l 17 86705.8 
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Table 8.14 
Analyses of variance - Duncan's Test 
Microbiocides 
Elongation at break. Control 
Treatment Means (% Elongation) 
2 Dichlorophene 
1 No microbiocide 
3 Antimykitokum A 
4 SA 1013 
5 TP90B 
580 } 570 
570 N.S. 
570 
550 
Duncan's Test --- non-significant groups. 
1% level 2 to 5 
Source of Degrees of Sums of Nean 
variance Freedom Squares Square 
Variance 
Ratio F 
~>--';:" 
Treatments 4 
Error 10 
Total 14 
Tensile strength. Control. 
Treatment Means (psi) 
1 No microbiocide 
4 SA1013 
5 TP90B 
3 Antimykotium A 
2 Dichlorophene 
1666.6 416.6 
3266.7 326.6 
l1933.3 
31301 2910 2900 N.S.} 2890 N.S. 
2710 
Duncan's Test --- non-significant groups 
5% level 1 to 3 and l.l; to 2 
Source of Degrees of Sums of Mean 
variance Freedom Squares Square 
Treatments 4 258 l1.9 646.2 
Error 10 2150.0 215.0 
Total ll1 473 f±.9 
1.27 N.S. 
Variance 
Ratio F 
3.0 N.S. 
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Table 8.1~ (contd.) 
Elongation at break. Deteriorated 
Treatment Means (% elongation) 
2 Dichlorophene 530 
3 Antimykotium A 510 }NOSO} i± SA1013 i±90 
1 No microbiocide i±70 N.S. 
5 TP90B i±Ito 
Duncan's Test non-significant groups 
1% level 2 to 1 and 3 to 5 
Source of Degrees of Sums of JVlean 
variance Freedom Squares Square 
Treatments i± 15960.0 3990.0 
Error 10 8133.3 813.3 
Total 1i± 2i±093.3 
Tensile strength. Deteriorated 
Treatment Means (psi) 
3 Antimykotium A 
4 SA1013 
2 Dichlorophene 
5 TP90B 
1 No microbiocide 
Duncan's Test 
1% level 3 to 1. 
Source of Degrees 
variance Freedom 
Treatments i± 
Error 10 
Total 1i± 
20i±0 } 1960 
19i±0 N.S. 
1710 
1660 
non-significant groups 
of Sums of Mean 
Squares Square 
3430.3 857.6 
6968.6 696.9 
10398.9 
- _. '_ - ~ - I 
Variance 
Ratio F 
i±.9 * 
Variance 
Ratio F 
1.2 N.S. 
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Table 8.15 
Analyses of variance - Duncan's Test 
Surface chlorination, ozone attack, microbiocide 
and antioxidant Interaction 
Two months 
Treatment Means (mg of CO 2 evolved/week) 
2 Control - surface chlorinated 
3 Control - ozone treatment 
7 Microbiocide - no treatment 
9 Microbiocide - ozone treatment 
4 Antioxidant - no treatment 
6 Antioxidant - ozone treatment 
1 Control - no treatment 
8 Microbiocide - surface chlorinated 
5 Antioxidant - surface chlorinated 
1.6 
1.6 
1.5 
1.2 
1.1 
1.1 
0.9 
0.7 
0.6 
Duncan's Test --- non-significant groups. 
5% level 2 to 5 
N.S. 
Source of 
variance 
Degrees of 
Freedom 
Sums of 
Squares 
Mean Variance 
Treatment 
Compounding 
ingredient 
Surface treatment 
Interaction 
Error 
Total 
Six months 
Treatment Neans 
8 
2 
2 
4 
9 
17 
218.1 
52.1 
27. L1 
138.5 
791.5 
1009.6 
6 Antioxidant - ozone treatment 
7 Microbiocide - no treatment 
9 Microbiocide - ozone treatment 
1 Control - no treatment 
4 Antioxidant - no treatment 
3 Control - ozone treatment 
8 Microbiocide - chlorinated 
2 Control - chlorinated 
5 Antioxidant - chlorinated 
Square 
27.3 
26.1 
13.7 
34.6 
87.9 
2.5 
2. l1 
2.3 
2.1 
2.1 
0.9 
0.9 
0.8 
0.8 
Duncan's Test --- non-significant groups 
5% level 6 to 5. 
Ratio F 
0.3 N.S. 
0.3 N.S. 
0.2 N.S. 
0.4 N.S. 
N.S. 
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Table 8.15 (contd.) 
Source of Degrees of Sums of 
variance Freedom Squares 
Treatments 8 920.8 
Compounding 
ingredients 2 131.4 
Surface treatment 2 613.4 
Interaction 4 175.9 
Error 9 473.0 
Total 17 1393.8 
10 months 
Treatment Means 
7 Microbiocide - no treatment 
9 Microbiocide - ozone treatment 
3 Control - oZone treatment 
4 Antioxidant - no treatment 
1 Control - no treatment 
6 Antioxidant - ozone treatment 
5 Antioxidant - chlorinated 
2 Control - chlorinated 
8 Microbiocide - chlorinated 
Mean 
Square 
115.1 
65.7 
306.7 
43.9 
52.5 
4.3 
3.5 
3.3 
3.2 
2.7 
2.5 
1.7 
1.5 
1.0 
Duncan's Test --- non-significant groups 
5% level 7 to 6, 9 to 5, 3 to 2 and 1 to 8. 
Source of 
variance 
Treatments 
Compounding 
Degrees of 
Freedom 
8 
ingredient 2 
Surface treatment 2 
Interaction 
Error 
Total 
9 
17 
Sums of 
Squares 
81.3 
1356.3 
367.3 
567.0 
2372.0 
Mean 
Square 
225.6 
63.0 
Variance 
Ratio F 
2.2 N.S. 
1.3 N.S. 
5.8 * 
0.8 N.S. 
.S }. N.S 
N. S. 
Variance 
Ratio F 
3.6 * 
0.6 N.S. 
10.8 ** 
1.5 N.S. 
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Table 8.15 (contd.) 
18 months 
Treatment }'ieans 
7 Microbiocide - no treatment 
3 Control - ozone treatment 
9 Microbiocide - ozone treatment 
1 Control - no treatment 
4 Antioxidant - no treatment 
6 Antioxidant - ozone treatment 
2 Control - chlorinated 
5 Antioxidant - chlorinated 
8 Microbiocide chlorinated 
4.8 
lJ:.4 
4.2 N.S. 
3.8 
3.2 
2.9 
2.8 
2.2 
2.0 
N.S. 
Duncan's Test --- non-significant groups 
5% level 7 to 2 , 3 to 5 , and 9 to 8 
Source of Degrees of Sums of Hean 
variance Freedom Squares Square 
Treatments 8 1588.4 198.5 
Compounding 
ingredients 2 336.1 168.1 
Surface treatment 2 987.1 l193.6 
Interactions 4 265.2 66.3 
Error 9 738.0 82.0 
Total 17 23 26 .4 
N.S. 
! ".,,' 
Variance 
Ratio F 
2.lJ: N.S. 
2.0 N.S. 
6.0 * 
0.8 N.S. 
:.~ 
, - ,-, ,',',' -',' .::- ;~: ' 
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Table 8.17 
Analysis of variance - Duncan's Test 
Carbon black vs. clay 
One hour 
Treatment means (I't of oxygen) 
1 Kaolin 
2 MPC Black 
0.
7
8 \. N.S. 
o. J 
Duncan's Test --- non-significant groups 
1% level 1 to 2 
Source of 
variance 
Treatments 
Error 
Total 
Six hours 
Degrees of 
Freedom 
1 
4 
5 
Treatment 1vieans 
1 Kaolin 
2 MPC Black 
Sums of 
Squares 
8.2 
6.6 
14.8 
3.1 
1.2 
]\1ean 
Square 
8.2 
1.6 
Duncan's Test --- non-significant groups 
1% level none 
Source of Degrees of Sums of Bean 
variance Freedom Squares Square 
Treatments 1 541.5 541.5 
Error 4 100.0 25.0 
Total 5 641. 5 
12 hours 
Treatment Beans 
1 Kaolin 
2 IvIPC Black 
Duncan's Test --- non-significant groups 
1% level none 
Variance 
Ratio F 
4.9 N.S. 
Variance 
Ratio F 
21.7 ** 
Table 8.17 (contd.) 
Source of Degrees of 
variance Freedom 
Treatments 1 
Error 4 
Total 5 
Sums of Mean 
Squares Square 
1980.2 1980.2 
452.6 113.6 
2432.8 
· . .. -
- - . . " ~ .. 
Variance 
Ratio F 
17.5 * 
.- ,-. -'--:->_._-. 
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Table 8.21 
Analyses of variance - Duncan's Test 
Carbon black vs. clay vs. gum stock 
Tensile strength. Control 
Treatment Mean (psi) 
2 clay 
3 Carbon black 
1 Gum 
3970 
3130 
2770 } 
Duncan's Test non-significant groups 
5% level 3 to 1 
Source of 
variance 
Treatment 
Error 
Total 
Degrees of 
Freedom 
2 
6 
8 
Sums of 
Squares 
2264S.2 
3805.3 
26453.5 
Mean 
Square 
11324.1 
634.2 
Tensile strength. Deteriorated 
Treatment Hean 
3 Carbon black 
1 Gum 
2 Clay 
1660 } 
1550 } N.S. 
1120 N.S. 
Duncan's Test --- non-significant groups 
5% level 3 to 1 and 1 to 2 
Source of Degrees of Sums of Hean 
variance Freedom Squares Square 
Treatment 2 4842.9 2421.4 
Error 6 317 2 .6 528.7 
Total 8 8015.5 
Variance 
Ratio F 
17.9 ** 
Variance 
Ratio F 
4.6 N.S. 
-,'. >. 
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Table 10.3 
Analyses of variance - Duncan's Test 
Biochemical Oxygen Demand Test 
a) Natural vs. ~ynthetic rubber 
10 days 
Treatment Means (Concentration of 0 21 ppm) 
5 Neoprene 6.2 
4: SBR 6.0 N.S. 6 Nitrile 6.0 
1 Control 5.9 
7 Polybutadiene 5.7 
3 Butyl 5.6 
2 Natural 5.2 
Duncan's Test - non-significant groups 
1% level 5 to 3 
Source of Degrees 
variance Freedom 
Treatments 6 
Error 14 
Total 20 
20 days 
Treatment Heans 
3 Butyl 
1 Control 
6 Nitrile 
4 SBR 
and 4 
of 
to 2. 
Sums of 
Squares 
198.5 
173.3 
37 1 .8 
5.2 
5.1 
[1:.9 N.S. 
]\1ean 
Square 
33.1 
12.4 
Variance 
Ratio F 
2.7 N.S. 
7 Polybutadiene 
5 Neoprene 
2 Natural 
4.0 
3.7 N.S. 
Duncan's Test --- non-significant groups 
1% level 3 to 7, 6 to 5 and 4 to 2. 
372 
Table 10.3 (contd.) 
Source of Degrees of 
variance Freedom 
Treatments 
Error 
Total 
40 days 
Treatment Means 
1 Control 
3 Butyl 
6 Nitrile 
7 Polybutadiene 
4 SBR 
5 Neoprene 
2 Natural 
6 
14 
20 
Sums of 
Squares 
540.9 
213.3 
754.2 
4.5 
4.3 
4.1 
3.6 
2.3 
2.0 
0.8 
Mean 
Square 
90.2 
15.2 
N.S. 
Duncan's Test --~ non-significant groups 
1% level 1 to 6, 3 to 7 and 4 to 5 
Source of 
variance 
Degrees of 
Freedom 
Treatments 
Error 
Total 
60 days 
Treatment Means 
3 Butyl 
1 Control 
6 Nitrile 
7 Polybutadiene 
4 SBR 
5 Neoprene 
2 Natural 
6 
Sums of 
Squares 
3546.3 
146.7 
3692 .9 
Mean 
Square 
591.0 
10.5 
4.6 } U N.S. t.s. 
~:~ } N.S. 
0.5 }N.S. 
Duncan's Test --- non-significant groups 
Variance 
Ratio F 
5.9 ** 
}N.S. 
Variance 
Ratio F 
56.4 ** 
1% level 3 to 6, 1 to 7, 4 to 5 and 5 to 2. 
)() 
Table 10.3 (contd.) 
Source of Degrees of Sums of ~1ean 
variance Freedom Squares Square 
Treatments 6 4438.5 739.7 
Error 14 293.3 20.9 
Total 20 4731.8 
b) Accelerating system 
10 days 
Treatment Means (Concentration of O2 , ppm) 
1 Control 
3 TMTD-sulphurless 
2 IvIBTS- sulphur 
4 Dicumyl peroxide 
Duncan's Test 
1% level 1 to Ll 
Source of Degrees 
variance Freedom 
Treatments 3 
Error 8 
Total 11 
20 days 
Treatment Ivleans 
1 Control 
3 Tf.1TD-sulphurless 
2 HBTS-sulphur 
4 Dicumyl peroxide 
Duncan's Test 
1% level 1 to 2 
Source of Degrees 
variance Freedom 
Treatments 3 
Error 8 
Total 11 
6.0 } 6.0 N.S. 5.2 
5.2 
non-significant groups 
of Sums of f.lean 
Squares Square 
192.0 64.0 
96.0 12.0 
28<S.0 
5.7 r 5.3 r.s. 
5.2 } 4.5 N.S. 
non-significant groups 
and 2 to 4 
of Sums of :Hean 
Squares Square 
203.6 67.9 
56.0 7.0 
259. 6 
- . ~<.".- ~::,: - .:-.: _.:':_< 
Variance 
.Ratio F ..... -~ ... : -: -. 
35.3 ** 
Variance 
Ratio 1" 
5.3 * 
Variance 
Ratio F 
9.7 ** 
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Table 10.3 (contd.) 
30 days 
Treatment Means 
1 Control 
3 TMTD-sulphurless 
2 NBTS-sulphur 
4 Dicumyl-sulphur 
Duncan's Test 
1% level 1 to 2 
Source of Degrees 
variance Freedom 
Treatments 3 
Error 8 
Total 11 
40 days 
Treatment J'.1eans 
1 Control 
3 TjvITD-sulphurless 
2 HBTS-sulphur 
4 Dicumyl peroxide 
Duncan's Test 
1% level 3 to 2 
5.5 } ~:I N.S. 
2.1 } N.S. 
non-significant groups 
and 3 to 4 
of Sums of Mean 
Squares Square 
1781.3 593.8 
714.7 89.3 
2496.0 
} N.S. 
non-significant groups 
Source of Degrees of Sums of JvIean 
variance Freedom 
Treatments 3 
Error 8 
Total 11 
60 days 
Treatment Beans 
1 Control 
3 THTD-sulphurless 
2 :HBTS- sulphur 
4 Dicumyl peroxide 
Duncan's Test 
Squares Square 
3166.3 1055.4 
98.7 12.3 
3265.0 
5.0 
2.7 } 
1 N. S. 
.9 } 0.4 N.S. 
non-significant groups 
1% level 3 to 2 and 2 to 4 
- --.'.'. 
Variance 
Ratio F 
6.6 
Variance 
Ratio F 
85.6 ** 
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Table 10.3 (contd.) 
Source of Degrees of Sums of' Mean Variance 
".> ., ..... '_., ._--
variance Freedom Squares Square Ratio F 
Treatments 3 3326.3 1108.7 35.0 ** 
Error 8 253.3 31.6 
Total 11 3579.6 
-. '. ~ - . -. -'. -. _ ..... -- -- . -'- .'. . 
)(b 
Table 11.2 
Origin, age, calorific value of undeteriorated 
and deteriorated rubber from the surface of the 
pipe-joint rings, the sulphur content, percentage loss 
in calorific~value and change in sulphur content. 
1. 119 Wainoni Road, 16 years 
Undeteriorated rubber 
Sulphur content 
Deteriorated rubber 
Sulphur content 
Loss in calorific value 
Change in sulphur content 
2. Avonside & Wainoni Road, 17 years 
Undeteriorated rubber 
Sulphur content 
Deteriorated rubber 
Sulphur content 
Loss in calorific value 
Change in sulphur content 
3. Ensign Street, 7 years 
Undeteriorated rubber 
Sulphur content 
Deteriorat~d rubber 
Sulphur content 
Loss in calorific value 
Change in sulphur content 
4. Bentley Street, 8 years 
Undeteriorated rubber 
Sulphur content 
Deteriorated rubber 
Sulphur content 
Loss ill. calorific value 
Change ill. sulphur content 
5. 109 Wainoni Road, 16 years 
Undeteriorated rubber 
Sulphur content 
Deteriorated rubber 
Sulphur content 
Loss in calorific value 
Change in sulphur content 
5691.5 cal/g 
1.7% 
3790.0 cal/g 
1.2% 
33.q% 
-0.5% 
8332.q cal/g 
1.3% 
6117.8 cal/g 
0.7% 
26.8% 
-0.6% 
7907.1 cal/g 
2.3% 
4287.1 cal/g 
1.4% 
45.8% 
-0.9% 
7929.8 cal/g 
2.l1% 
5080.3 cal/g 
1.9% 
35.9% 
-0.5% 
11203.0 cal/g 
2.0% 
5q63.6 cal/g 
1.5% 
51.2% 
-0.5% 
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Table 11.2 (contd.) 
6. Bowhill Street, 12i years 
Undeteriorated rubber 
Sulphur content 
Deteriorated rubber 
Sulphur content 
Loss in calorific value 
Change in sulphur content 
7. Main South Road, 9 years 
Undeteriorated rubber 
Sulphur content 
Deteriorated rubber 
Sulphur content 
Loss in calorific value 
Change in sulphur content 
8. Avonside Drive, 11 years 
Undeteriorated rubber 
Sulphur content 
Deteriorated rubber 
Sulphur content 
Loss in calorific value 
Change in sulphur content 
9. Bridge Street, 11 years 
Undeteriorated rubber 
Sulphur content 
Deteriorated rubber 
Sulphur content 
Loss in calorific value 
Change in sulphur 
10. 109 Wainoni Road, 17 years 
Undeteriorated rubber 
Sulphuric acid corrections 
% sulphur 
Deteriorated rubber 
Sulphuric acid correction 
% Sulphur 
Change in sulphur 
% Loss in calorific value 
11. 32 Hackthorne Road, 8 years 
Undeteriorated rubber 
Sulphuric acid correction 
% Sulphur 
Deteriorated rubber 
Sulphuric acid correction 
% Sulphur 
Change in sulphur 
% loss in calorific value 
6989.0 cal/g 
1.4% 
5634.2 cal/g 
2.0% 
19.4% 
+0.6% 
7966.0 cal/g 
1.8% 
6012.1 cal/g 
2.1% 
24.5% 
+0.3% 
8645.6 cal/g 
0.7% 
7369.6 cal/g 
1.2% 
ll1.8% 
+0.5% 
8513.6 cal/g 
0.6% 
7732.7 cal/g 
1.0% 
9. 2% 
+0.4% 
8283.5 cal/g 
13.8 " 
0.6% 
6603.5 cal/g 
10.9 " 
0.5% 
-0.1% 
20.3% 
7125.3 cal/g 
13.1 " 
0.6% 
5772.0 cal/g 
23.5 " 
1.0% 
+0.4% 
19.0% 
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Table 11.2 (contd.) 
12. Wairakei Road, 28 years 
Undeteriorated rubber 
Sulphuric acid correction 
% Sulphur 
Deteriorated rubber 
Sulphuric acid correction 
% Sulphur 
% Loss in calorific value 
Change in sulphur 
13. 10 Cobra Street, 8 years 
Undeteriorated rubber 
Sulphuric acid correction 
% Sulphur in rubber 
Deteriorated rubber 
Sulphuric acid correction 
% Sulphur 
Change in sulphur 
% Loss in calorific value 
14. Avonside Drive & Wainoni Road, 17 years 
Undeteriorated rubber 
Sulphuric acid correction 
% Sulphur 
Deteriorated rubber 
Sulphuric acid correction 
% Sulphur 
% Loss in calorific value 
15. Wainoni Road, 17 years 
Undeteriorated rubber 
Sulphuric acid correction 
% Sulphur 
Deteriorated rubber 
Sulphuric acid correction 
Change in sulphur 
% Sulphur 
% Loss in calorific value 
16. Bower Avenue, 10 years 
Undeteriorated rubber 
Sulphuric acid correction 
% Sulphur 
Deteriorated rubber 
Sulphuric acid correction 
% sulphur 
% Loss in calorific value 
Change in sulphur 
3139.0 cal/g 
34.1 11 
1.5% 
2060.8 cal/g 
27.6 11 
1.2% 
34.3% 
-0.3% 
7562.8 cal/g 
43.6 " 
1.9% 
5 270.0 cal/g 
45.3 11 
2.0% 
+0.1% 
30.3% 
8195.6 cal/g 
24.0 " 
1.1% 
5998.2 cal/g 
-0.6% 
0.5% 
26.8% 
6808.4 cal/g 
32.4 " 
1. 4% 
4247.4 call g' 
34.4 
+0.1% 
1.5% 
37.6% 
6559.2 cal/g 
41.3 11 
1. 8% 
5303.5 cal/g 
34.1 " 
1. 5% 
19.1% 
-0.3% 
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Table 11.2 (contd.) 
17. 10 Cobra Street, 8 years 
Undeteriorated rubber 
% Sulphur 
Deteriorated rubber 
% Sulphur 
---,-,---'---. 
% Loss in calorific value 
Change in sulphur 
18. 14 Greendale Street, 8 years 
Undeteriorated rubber 
% Sulphur 
Deteriorated rubber 
% Sulphur 
% Loss in calorific value 
Change in sulphur 
19. Wainoni Road, 17 years 
Undeteriorated rubber 
Deteriorated rubber 
% Loss in calorific value 
20. Cobra Street, 8 years 
Undeteriorated rubber 
Deteriorated rubber 
% Loss in calorific value 
• _-_-.-.,~:-.:. -:. ~_. ,_ ••••• T "_' • 
7774.5 cal/g 
2.1% 
5593.3 cal/g 
2.1% 
28.1% 
0.0% 
6806.0 cal/g 
1.7% 
4655.1 cal/g 
1.7% 
31.6% 
0.0% 
6970.5 cal/g 
4682.6 " 
32.8% 
7801.3 cal/g 
65 2 8.6 " 
16.3% 
.- .. -.-".-.,-
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Table 11., 4 
Analysis of variance - Duncan's Test 
Calorific value 
Treatment Means (cal/g of rubber) 
1 Undeteriorated 
2 Deteriorated 
Duncan's Test 
1% level none 
Source of Degrees 
variance Freedom 
Treatments 1 
Error 38 
Total 39 
7510 
5420 
non-significant groups 
of Sums of Mean 
Squares Square 
437,228.1 437,228.0 
.740 ,471.9 19,486.1 
1,177,700 .0 
Table 11. 5 
Analysis of variance - Duncan's Test 
Sulphur content 
Treatment means (% Sulphur) 
1 Undeteriorated 
2 Deteriorated 
Duncan's Test 
1% level 1 to 2. 
Source of Degrees 
variance Freedom 
Treatments 1 
Error 38 
Total 39 
1.5} 1.4 N.S. 
non-significant groups 
of Sums of Nean 
Squares Square 
9.0 9.0 
1110.9 29.2 
1119.9 
Variance 
Ratio F 
22.4 ** 
Variance 
Ratio F 
0.3 N.S. 
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Table 12.2 
Analyses of variance - Duncan's Test 
Soil percolation test 
Natural vs. Synthetic rubber 
6ne hour 
Treatment Mean (p e of oxygen) 
1 Natural rubber 1.8 
2 Styrene butadiene rubber 0.6 
} N.S. 
3 Neoprene 0.4 
4 Polybutadiene 0.1 
5 Nitrile 0.0 
6 Butyl 0.0 
Duncan's Test --- non-significant groups 
1% level 2 to 6 
Source of Degrees of 
variance Freedom 
Treatments 5 
Error 12 
Total 17 
Six hours 
Treatment Mean 
1 Natural rubber 
2 Styrene butadiene rubber 
3 Neoprene 
4 Polybutadiene 
5 Nitrile 
6 Butyl 
Sums of 
Squares 
7 12.4 
128.7 
841.1 
15.5 
3.8 
1.1 } 0.7 N.S. 
0.6 
0.4 
]\'lean 
Square 
142.5 
10.7 
Duncan's Test --- non-significant groups 
5% level 3 to 6 
Source of Degrees of Sums of I'1ean 
variance Freedom Squares Square 
Treatments 5 52 , 64 9. 2 10,5 29.8 
Error 12 2,3 63.3 196.9 
Total 17 55,0:12.5 
Variance 
Ratio F 
13.3 ** 
Variance 
Ratio F 
53.5 ** 
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Table 12.2 (contd.) 
Eight hours 
Treatment Means 
1 Natural rubber· 
2 Styrene butadiene rubber 
3 Neoprene 
4 Polybutadiene 
6 Butyl 
5 Nitrile 
· . -- --'-. 
18.4 
5.8 
1.2 
1.1 
0.8 
0.7 
} N.S. 
Duncan's Test --- non-significant groups 
1% level 3 to 5 
Source of Degrees of Sums of Mean Variance 
variance Freedom Squares Square Ratio 
Treatments 5 73592.7 14718.5 77.6 
Error 12 2275.3 189.6 
Total 17 75868.0 
Soil Percolation Experiment 
Analysis of variance of the loss in weight data was 
non-significant at the 5% level. 
F 
** 
.-.-.'-.- -.-.-:. ~T'. 
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Table 12.3 
Analyses of variance - Duncan's Test 
Soil Percolation Test 
Acceler,ating systems 
One hour 
Treatment Means 
2 MBT-sulphur 
7 Unaccelerated sulphur 
6 MBTS/T~1TM-sulphur 
4 DPG-sulphur 
3 Dicumyl peroxide 
1 THTD-sulphurless 
5 IffiS- sulphur 
~:~ } N.S. } 
0.7 N.S] 0.6 
0.5 N.S. 
0.4 
0.0 . 
Duncan's Test --- non-significant groups 
1% 2 to 7, 7 to 
Source of Degrees 
variance Freedom 
Treatments 
Error 
Total 
Four hours 
Treatment Means 
2 MBT-sulphur 
7 Sulphur 
6 
14 
20 
1 TMTD-sulphurless 
4 DPG-sulphur 
6 HBTS/TMTM-sulphur 
3 Dicumyl peroxide 
5 HBS-sulphur 
Dl.1.nCan's Test 
1% level 2 to 1 
Source of Degrees 
variance Freedom 
Treatments 6 
Error 14 
Total 20 
4 and 6 to 5. 
of Sums of JI'lean 
Squares Square 
753.1 125.5 
21 l1.7 15.3 
967.8 
7.5 J 4.9 N.S. 
'-±. 1 
2.9 
2.7 N.S. 
1.8 
0.9 
non-significant groups 
and 7 to 5 . 
of Sums of Mean 
Squares Square 
8587.1 1431.2 
4098.0 29 2 .7 
12685.1 
Variance 
Hatio F 
8.2 ** 
Variance 
Ratio F 
4.9 ** 
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Tab12 12.3 (contd.) 
Eight hours 
Treatment Means 
2 ~BT~sulphur 
1 TMTD-sulphurless 
7 Unaccelerated sulphur 
4 DPG-sulphur 
6 MBTS/TMTM-sulphur 
3 Dicumyl peroxide 
5 HBS-sulphur 
18.4 
10.2 
7.6 
6.3 
6.1 
3~1 
2.9 
Duncan's Test non-significant groups 
1% level 1 to 7, 7 to 6 and 4 to 5 
Source of 
variance 
Treatments 
Error 
Total 
Degrees 
Freedom 
6 
14 
20 
of Sums of 
Squares 
50731.6 
3159.3 
53890.9 
Mean 
Square 
8455.3 
225.6 
Variance 
Ratio F 
37.5 ** 
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Table 12.4 
Analyses of variance - Duncan's Test 
Soil percolation test 
Antioxidants 
One hour 
Treatment Neans (pi of oxygen) 
1 None 
2 Santoflex 13 
3 NDPA 
Duncan's Test 
1% level 1 to 3 
0.7 } 0.4 N.S. 
0.0 
non-significant groups 
Source of Degrees of Sums of Mean 
variance Freedom 
Treatments 2 
Error 6 
Total 8 
Four hours 
Treatment Neans 
1 None 
2 Santoflex 13 
3 NDPA 
Duncan's Test 
1% level 1 to 3 
Source of Degrees 
variance Freedom 
Treatments 2 
Error 6 
Total 8 
Squares 
16.6 
52.0 
68.6 
2.7 1 
2.2 J N.S. 
2.0 
Square 
30.8 
8.7 
non-significant groups 
of Sums of Mean 
Squares Square 
82.9 41.4 
198.0 33.0 
280.9 
<".'~-.'-
Variance 
Ratio F 
3.6 
Variance 
Ratio F 
1.3 
Table 12.4 (contd.) 
Eight hours 
Treatment :r.1eans 
1 None 
3 NDPA 
2 Santoflex 13 
Duncan's Test 
1% level 1 to 2 
Source of Degrees 
variance Freedom 
Treatments 2 
Error 6 
Total 8 
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6.1 } 4.6 N.S. 
l!.4 
non-significant groups 
of Sums of Mean Variance 
Squares Square Ratio F 
561. 6 280.8 3.3 
518.0 86.3 
1079.6 
--- --"-
:;ot 
Table 14.5 
Analyses of variance - Duncan's Test 
TMTD Concentration 
Elongation at break 
Treatment Means (% elongation) 
2 Control 4 phr 
1 Control 2 phr 
5 Deteriorated 4 phr 
4: Deteriorated 2 phr 
6 Deteriorated 8 phr 
3 Control 8 phr 
57 0 } 
490 N.S. J 
490 
450 N.S. 
430 JNOSO 
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Duncan's Test non-significant groups 
1% lev~l 2 to 5, 1 to 6 and 5 to 3. 
Source of Degrees of 
variance Freedom 
Treatments 5 
Deterioration 1 
TlviTD concentration 2 
Interaction 2 
Error 12 
Total 17 
Tensile strength 
Treatment Means (psi) 
2 Control L.1: phr 
3 Control 8 phr 
5 Deteriorated 4: phr 
1 Control 2 phr 
6 Deteriorated 8 phr 
4 Deteriorated 2 phr 
Sums of II'lean 
Squares Square 
60961.1 12192.2 
L.1:67 2 .2 467 2 .2 
444:11.1 22205.6 
11877.8 5938.9 
16 733.3 139 L.1: .4: 
77694:.4 
3640 
2470} 
2220 N.So] 
2120 
1880 N.S. 
1100 
Duncan's Test --- non-significant groups 
1% level 3 to 1 and 5 to 6. 
Variance 
Ratio F 
8.7 ** 
3.4 N.S. 
15.9 ** 
4.3 * 
- ;-:';'.-. 
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Table 14.5 (contd.) 
Source of Degrees of Sums of Hean Variance 
variance Freedom Squares Square Ratio F :.~«~> 
Treatments 5 103365.8 20673.2 73.4 ** 
Deterioration 1 45702.7 45702.7 162.3 ** 
THTD concentration 2 52369.3 26184.7 93.0 ** 
Interaction 2 5293.8 2646.9 9. l]: ** 
Error 12 3378.7 281.6 
Total 17 106744.5 
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Table 14.7 
Analyses of variance - Duncan's Test 
Dicumyl peroxide concentration 
Elongation at br~ak 
Treatment Means (% elongation) 
1 Control 2 phr dicumyl peroxide (DCP) 560 
2 Control 3 phr DCP 450 
3 Control 4 phr DCP 380 } 6 Deteriorated 4 phr Dcr 340 N.S. 
4 Deteriorated 2 phr DCP 330 } 
5 Deteriorated 3 phr DCP 270 N.S. 
Duncan's Test --- non-significant groups 
1% level 3 to 4 and 4 to 5 
Source of Degrees of Sums of Mean Variance 
variance Freedom Squares Square Ratio F 
Treatments 5 157650.0 31530.0 l.l:2.0 ** 
Deterioration 1 98 2 72 • 2 98272.2 131.0 ** 
DCP concentration 2 28900.0 141J50.0 19.3 ** 
Interaction 2 301:1:77.7 15238.8 20.3 ** 
Error 12 9000.0 750.0 
Total 17 166650.0 
Tensile strength 
Treatment Means 
1 Con.trol 2 phr DCP 2860 Irs. 2 Con.trol 3 phr DCP 2300 
3 Control l.l: phr DCP 1940 N.S. 
6 Deteriorated 4: phr DCF 830 
} rJ.S. 4 Deteriorated 2 phr DCP 820 
5 Deteriorated 3 phr DCP 770 
Duncan's Test 
---
non-significant groups 
1% level 1 to 2, 2 to 3, and 6 to 5. 
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Table 14.7 (contd.) 
Source of Degrees of Sums of Mean Variance 
variance Freedom Squares Square Ratio F 
Treatments 5 12289 1.3 24578.3 22. Ll ** 
Deterioration 1 109824.2 109824.2 100.0 ** 
DCP concentration 2 6421.3 3210.6 2.9 N.S. 
Interaction 2 6645.8 3322.8 3.0 N.S. 
Error 12 1318 l1.6 1098.7 
Total 17 136076 .0 
